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ABSTRACT

&‘5,’ -

j \ A direct measurement was made of the dynamic response of burning
solid~propellant strands to an externally imposed radiant heat flux.
Burning rate changes were determined for both steady and periodic
energy fluxes at atmocpheric pressure. The strands were mounted at
the secondary focus of an elliptical mirror system, and flux levels
to 15 cal/(sec)(cm2; vare obtained by use of a 5kw Xenon-Mercury
lamp. Steady-state burning rates were obtained by a photographic
technique, and the periodic variations in mass evolution rates were
detected by measurement cof the recoil force on the strands. A quartz-
crystal microphone was used as a micro-force transducer.

“Y‘ The heat flux response function, defined as (m'/m)(F'/F) where
m and F are mass rate and heat flux respectively and the prime and
overbar denote perturbed and steady-state quantities, which was
measured in this experiment, is closely related to the pressure, p,
response function, (m'/ﬁ)(p'/a) which is important to the combustion
stability of a solid propellant in an engine. The approximate cor-
respondence of these two response functions was demonstrated by
calculations based upon current transient combustion theories. The
sharp flame front model was employed for the gas phase, and the usual
assumptions of a homogeneous, passive solid with energy release at
the surface and an Arrhenius type regression law were empleyed. Both

response functions were calculated as a function of the dimensionless
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perturbing frequency (2 = wo/r? where w is the radiant frequency, «
the propellant thermal diffusivity and r the mean burning rate) for
the same fixed parameters. At low frequencies, the response functions
are essentially identical and both exhibit maxima in the response

at nearly the same frequency in the range of dimensionless frequen-
cies of 6-50. At high frequencies, the pressure response is higher
than the flux-driven response apparently because of the effect of
rapidly responding gas-phase processes. For the opaque propellant,
the correspondence is close enough that values of the flux-driven
response are relatable to the more practically important pressure-
coupled response.

y% Reéponse functions were experimentally determined for several
ammonium perchlorate oxidized composite propellants. A strong effect
of propellant transmissivity was theoretically predicted and experi-
mentally observed. Semi-transparent propellants showed little response
to periodic heat fluxes; and as the opacity of a propellant system
was increased, both the magnitude of the response and the frequency
of the maximum in the response function increased. The response
functions of the opaque, polyurethane-fueled propellants exhibited
maxima in the dimensionless frequency range of 10-40, while the
response functions of the polybutadiene-acrylic-acid co-polymer-
fueled propellants were uniformly high without significant maximum.
The measured responses were reproducible and moderate changes in

the propellant formulation could be detected by changes in the response.
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This experimental technique holds promise as a sensitive method for
evaluation of the combustion stability characteristics of solid
propellants.

* In general, the experimental data were in qualitative agreement
with the theoretical predictions; and the essential validity of the
current concepts of the nature of the burning surface response to
perturbations has been supported. For a given system, the observed
behavior can be described by appropriate adjustment of the para-
meters in the phenomenological models; although in the same cases,
the physical interpretation of the values of these parameters is
clouded. Because it is now possible to measure directly the response
over a wide range of frequencies, it should be possible to evaluate
combustion instability theories on the basis of the reasonableness

of the parameter values required to describe the observed response

functions.
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CHAPTER I: INTRODUCTION

Solid rockets have been employed extensively since the early
1940's as propulsive devices for weapons systems and the instrument
packages of a wide variety of scientific investigations. The present
methods used in the design of rockets are adequate to insure production
of reliable rockets for a great variety of specific missions. However,
truly optimal design requires a detailed understanding of the many
processes involved in the operation of the solid propellant motor.
Ultimately, the propulsion engineer would like to be able to predict
both steady state and transient burning rates from a knowledge of the
thermochemistry of the ingredients, the chamber pressure, and the
appropriate chemical reaction rates. Such a goal is presently far
from being realized, primarily due to a lack of fundamental knowledge
concerning the combustion dynamics and energy release rates. Further
information on the propellant combustion processes and its dependence
on physiochemical factors such as the extent of solid phase chemical
reaction, the influence of gas phase energy release, and the effect of
acoustic fields within the gas cavity is highly desirable. It is the
task of laboratory research to supply such knowledge, and the objective
of the present study was to generate this type of information.

In the past, laboratory studies have characterized the overall
nature of the combustion process both in the steady state and under

transient conditions. Further development of our understanding now



requires more detailed mechanistic studies; and because of the complex
nature of the combustion processes, new and unique experimental pro-
cedures must be used. It was believed that currently available devices
for studying transient and steady state combustion processes, Z.2.,
strand bombs, T-burners, L*-burners and thermochemical kinetic methods
have been exploited to the point where little information fundamentally
different from published results could be obtained. The decision to
attempt some completely different experiments was made with the
anticipation of developing a new approach from which a more complete
understanding of composite propellant combustion processes could be
gained. Specifically, external thermal radiant energy was used to
drive the combustion process and to modify steady and transient burning
rates.

The study described below is an investigation of some new and
hopefully constructive experimental techniques directed at gaining
a quantitative evaluation of: (1) the influence of steady thermal
radiation on propellant burning rates, and (2) the magnitude and
frequency dependence of combustion irregularities (mass efflux) which
are induced by periodic variations in heat fluxes to the surface.

The experiments were designed to avoid modification of the com-
bustion process to unrealistic conditions, and attention was centered
on processes occurring near the solid-gas interface.

This presentation is divided into é discussion of related previous

experiments, theoretical considerations relavent to the results of
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experiments successfully completed and finally a description of the
experimental results and their significance. The experiments fall
naturally into two distinct, but related, catagories and are discussed
in separate chapters. These catagories are: (1) the thermal radiation
augmentation of steady propellant burning, (2) the dynamic response

of burning to periodic variations of the heat flux.

Conclusions drawn from the analysis of the results are presented
along with recommendations for further studies, in the final chapter.
Reference [56] presents a discussion of several other studies which
were done and are related to the main theme of this work. Short tables
and figures are included in the text and are labled with the appropriate

chapter number. Detailed tables of data are in Appendix C.



CHAPTER II: DISCUSSION OF RELATED EXPERIMENTS

Logically, any discussion of transient combustion effects should
start with a discussion of steady burning, The results of the empirical
observations of steady burning are easily correlated. The burning
rate 1s a simple function of pressure and initial propellant temper-
ature, However, the calculation of burning rates from heat transfer
and reaction rate data has not been totally satisfactory. Some
partially successful attempts have been made to predict steady state
combustion rates from standard laboratory thermochemical measurements.
Physiochemical data required in the proposed burning rate models such
as activation energies, pre-exponential factors, decomposition kinetics
and energy effects, are assumed to be determinable by slow heating
devices such as DTA and TGA units [54,78]. TFor example, it has been
shown by Waesche and Wenograd [78] that the burning rate of an AP-PBAA
composite propellant can be estimated from the decomposition kinetics
of the condensed phase. Their estimates are low by a factor of two or
three when compared to the burning rates determined in a strand bomb.
The difference is likely the result of additional energy available from
the flame when the propellants are actually burned. Experiments
employing a self heating calorimeter [38], hot wire ignition [2], [4],
and ignition initiated by radiant energy [60] have also been used to
determine the activation energy and energy release rates, but the results

of such tests have not been successfully applied to the burning process.



Reviews of the theory of thermal explosions and associated experimental
techniques as methods for formal kinetic studies in the condensed
phase are available [1,55]. However, use of such experimental tech-
niques requires the application of non-linear curve fitting schemes
for the interpretation of the data. It would appear that the tech-
niques currently being exploited yield only qualitative information
relavent to the steady state burning rate.

Either because the attempts to predict steady burning rates from
first principles or from the results of independent laboratory tests
have not been very successful or because of the practical importance
of transient combustion problems, a greater effort has been expended
on an attempt to understand the unsteady state processes even though
the steady state phenomenon is not completely understood. The
emphasis of the present study is influenced by such considerations,
and in particular, the major effort was made to elucidate the processes
which are important during oscillatory combustion.

In the prior studies of oscillatory solid propellant combustion,
the frequency and rate of increasing magnitude of the gas cavity
pressure oscillations were used to characterize the stability of the
propellant combustion. Often the observed frequencies can be asso-
ciated with the acoustic modes of the chamber, and the growth of the
periodic pressure disturbances is termed acoustic instability.
Various simple geometry burners have been designed to study unstable

combustion under reasonably well-defined conditions similar to



conditions existing in a rocket motor. A cylindrical cavity with
burning propellant discs at each end and vented at the center,
'"T-burner,' has become a widely accepted device for studying the
stability of solid propellants. Operation of such a unit depends
primarily on the growth and/or decay of self-excited oscillatory
pressures [13,32,59,66]. Many experimental studies have been completed
during the past decade, but the successful application of these

results to motor design remains to be demonstrated [l4]. The studies
have included effects of aluminum [59], burning rate retardants [7],
total pressure, Z.e., burning rate [34] and composition variables

[32], but there still remains the problem of transforming the T-burner
data into relationships which the rocket motor designer could apply.
Normally, the logarthmic growth rate of pressure oscillations in the
T-burner is related to the response function of the burning surface
after correcting for acoustic losses. The response function is assumed
to be a property of the propellant and of pressure, and constancy of this
function is required to transform results between the T-burner and the rock=t
motor. A problem with this approach is the a priori assumption of

the existance of the acoustic response function. No one has ever

made a direct measurement of the mass efflux—pressure coupled response
of the propellant, and all published characteristics of such func-
tions are inferred from T-burner type measurements. Further knowledge
of the combustion precess is required to evaluate this point.

Another type of combustion instability often observed occurs at



non-acoustic frequencies. This phenomenon seems to be related to gas
phase combustion inefficiencies inside the combustion chamber and the
solid-phase thermal wave fluctuations. Such instability is normally
observed at low values for the ratio of the rocket nozzle area tc the
chamber volume (L*). Special small motors have been built to study
this phenomenon. Studies have been made with respect to stability
limits as set by burner area, pressure and oxidizer particle size
[81]. Adequate theories to predict the stability limits have been
developed, but certain physiochemical processes such as vaporization
rate and its dependence on particle size and surface temperature,

and the heat of vaporization require further consideration.

The T-burner and L*~burners are only two of many bench scale
devices designed to simulate real motor environments and operating
conditions. Both the T-burner and low L*-burner are used to generate
data which can be employed to calculate the propellant response
function. One set of experiments yields data for the low frequency
regime, while the other T-burner tests, yields the data necessary
for computing the high-frequency portion of the response function.

In each case, an apparent coupling exists between the combustion
chamber gas dynamics and the propellant burning rate response. The
low L*-burner is limited to a small range of low frequencies since
the propellant thermal wave fluctuations, which are of significant
magnitude only at low frequencies, drive the pressure. In the higher

frequency region, where the T-burner operates, one witnesses primarily



the acoustic pressure coupling with the burning surface and the
relative importance of the effects of gas—phase kinetics becomes
greater than that of solid-phase thermal fluctuations.

Likely, no complete understanding of the combustion processes
which lead to instability can be accomplished without the separate
study of the controlling processes. A gas fired T-burner, recently
developed at the University of Utah, enables one to study the gas-
phase processes to determine the effect of mass flow rate
and the chemical kinetics on the growth of sinusoidal oscillations
[73]. This apparatus will hopefully permit the investigation of the
interaction between chemical kinetics and acoustics. Other experi-
mental work ﬁhich was used to attempt to isolate the various steps
are the propellant ingredient decomposition studies [10,11,12,22,
40,41,64], the use of pulsing or driven chambers [59] and the study
of extinguishment by pressure decay [24,52].

The above discussion of composite propellant combustion experi-
ments has been presented in order to place the present investigation
in perspective with past experimental work. The most significant
result of this review is the recognition that the present test
devices do not yield data over a wide enough range of test conditions
to completely describe the anticipated response function. There is
an obvious need for data obtained over a wider range of frequencies.
A direct measurement of the response is also required. One must
conclude that in order to continue studies of solid propellant

combustion, some new experimental technique meeds to be developed.



Any results deduced by a new technique can, of course, be compared
with the conclusions drawn from the more widely used methods.

The conditions under which the tests are made should also closely
simulate the motor conditions; at least retension of the high heat
flux from the natural flame is desirable. Since combustion irregu-
larities are coupled to energy feedback from the gas phase, a distur-
bance in energy feedback of known magnitude should be useful in
determining the magnitude of the propellant burning rate response.

It is therefore desirable to perturb a 'steadily' burning propellant
with an energy pulse great enough to modify the burning, but not
great enough to modify the mode of burning.

In the'present study, the natural energy feedback from the
propellant flame was supplemented by use of a steady state or a periodic
variation of thermal radiation focused on the burning propellant.

The burning rate for the steady state radiation augmentation was
measured using motion pictures. A high quality microphone was adapted
as a force transducer for use in measuring the transient burning
rates. DBefore discussing these experiments, consideration is now
given to the theoretical aspects of combustion instability and of

thermal radiation augmentation of the icedback heat flux.



CHAPTER III: THEORETICAL CONSIDERATIONS

Two topics are discussed in this chapter: (1) the effect of
solid phase or interfacial energy sources on propellant burning,
and (2) the response of burning solid propellants to pressure and
surface heat flux perturbations. The possibility of subsurface
reactions within a burning solid propellant is considered and possible
methods for deducing this heat effect are discussed. Unsteady burn-
ing of solid propellants is discussed in terms of the response
function and a model of unsteady burning is discussed along with
supporting computations. Generalizations drawn from a parametric
study of the model are used in the discussion of data presented in
later chapters., An equation for the propellant response to varia-
tions in the surface heat flux is also derived and discussed in

relationship to pressure-driven oscillatory burning.

A: SURFACE AND CONDENSED PHASE ENERGY SOURCES

The current development of combustion models involves questions
concerning the possibility of condensed phase reactions or reactions
which influence the boundary conditions needed for matching the
thermal energy equation at the solid-gas interface. It has been
demonstrated theoretically by Marxman, et al., [53] and theoretically,

with supporting experimental data, by Brown, et al., [7,8] that the

10
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inclusion of an energy source term in the interfacial zone can
produce broader pressure-frequency stability limits than the simpler
model given by Denison and Baum [23].

Adiabatic calorimeters specially designed for testing propellants
have also provided some evidence of subsurface and/or solid phase
reactions [36]. Recent theoretical work treats the effect of sub-
surface reactions in the normal combustion of ammonium perchlorate
propellants [10,11]. Ignition experiments have suggested the presence
of an interfacial energy source [4], however, conclusive experimental
evidence for such a thermal effect during normal burning has yet to
be presented.

However, the pre-ignition thermal effect detected during ignition
tests and the heat effects observed in adiabatic calorimetry as well
as subsurface temperature measurements using fine thermocouples [67]
are not necessarily valid evidence for near—-surface heat effects
suspected of existing during normal deflagration.

An idealization of the interfacial zone is depicted in Figure
3-1. A detailed thermal energy balance at the interface can be
written with allowance for surface energy source terms. Since there
is no adequate way to measure the energy feedback from the gas flame,
although it has been attempted [67], one must admit the existence of
the gas phase feedback heat flux and account for it in the surface

energy balance [63,68].
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It can be shown that the thermal energy balance at the solid-

gas interface of a solid propellant can be written as,

F = pr[C(TS -T_ )+ qs]’ (3.1)

where

F = total heat flux entering the solid phase,

C = heat capacity of the solid phase,

q = net heat effect of phase changes and chemical
reactions occurring near the interface,

pr = m = mass burning rate.

In the following development, q. is assumed to be a constant charac-
teristic of the propellant, and is called the net heat of gasification.
Under the influence of a step input of heat flux, one observes

a linear increase in burning vrate which can be used to estimate the

neat heat of gasification,

AT
(%) _ 1
oF Ts’T—w’qs T o[C(T. -T ) +q.1° (3.2)
s ~e0 s
or
- 1 (T - T ) (3.3)
9 = 5 (r/a3F) s e’ " .

T LT,

s

Equation 3.3 can be used to estimate the combustion parameter, dg»
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from steady state radiation augmentation data. Such results are
listed in Table 5-1 of Chapter V., It is also possible to estimate
the value of dq from rarefaction extinguishment tests [52] and from
the effect of initial strand temperature on the steady state burning
rate [49]; however, additional assumptions are required.

For the non-adiabatic situation employed in the present experi-
ment, the flame temperature could be increased by partial absorption
of the external radiant energy. However, the external flux was only
a small fraction of the total energy release from the flame, so the
flame temperature change would be negligible.

It has been postulated that dq is perhaps a function of the
propellant surfece temperature, the oxidizer particle diameter, and
the ambient pressure level [60]. Presumably, the burning rate
dependence on the gasification process is treated since qq is the
energy per unit mass consumed. The current prejudice is that qq
may also be a function of the assumptions required by the measurement
technique used.

Once it was demonstrated experimentally that a relatively small
feedback flux would modify the linear burning rate of several composite
propellants, the more interesting question of the transient burning,
or dynamic response, was investigated. First, however, some consider-

ation of the unsteady burning phenomenon must be presented.
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B: MASS EFFLUX AT A BURNING SURFACE

In this section, the relationship between a burning rate change
and the physical reaction caused by this change is discussed. A
possible method for determining this correspondence involves measur-
ing the change in normal force generated at the surface when the
burning rate of a propellant is modified by an external thermal
energy source. |

The total steady force, f, due to the combustion of a propellant

strand is given by the steady state momentum equation,

f=1o A (v, - ) + AR - P) . (3.4)

The first term in equation 3.4 is the recoil force of the gases
leaving the burning surface. Stationary laboratory coordinates
are taken as the reference frame. The average regression rate, r,
is much less than the velocity of the combustion product, Vs and
can be neglected.

The pressure difference in equation 3.4 was approximated by

the relationship,

£ - TO] s (3~5)

where

P0 = pressure near the propellant surface,
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P, Pf = pressure far from the propellant surface,
M = average molecular weight of the gas phase,
T} = average flame temperature,
T; = gas temperature near the surface.

The total recoil force per unit area created by the mass efflux

from the burning surface is given by equation 3.6,

RTy (3.6)

(o) = (m (017 &5

The perturbed form of equation 3.6 is given in section F, page 35 in
connection with the equations for the real part of the response

function.

C: RESPONSE OF A SOLID PROPELLANT TO PRESSURE PERTURBATIONS

Much effort has been spent in the past on theoretical models
for combustion instability observed in solid rockets. An early
detailed model is that due to Hart and McClure [28]. More recent
models of instability incorporate gas-phase effects [16] in order
to treat the time delay features of gas—phase reactions. A very
readable review and discussion of combustion instability is given by
Culick [15] in which strong emphasis is given to interfacial condi-
tions, with and without source terms, and distributed chemical energy
release in the gas phase. One common feature of most theoretical

models is that the level of sophistication implied by the analysis
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is so great that direct evaluation of the models from simple experi-
ments is unlikely.

All of the models previously developed treat the solid phase in
the same manner. The differences which exist between the various
models is due primarily to differences in the gas phase model and
to considerations of surface-coupled reactions. A recent, relatively
complete theory was given by Denison and Baum [23]. Since their
work was presented, others have adapted their approach and attempted
to apply it to similar types of unstable combustion. Marzman and
Wooldridge [53] allow for surface-coupled reactions and present
essentially the same result as Denison and Baum p7g transformations
into three parameters, representing eight independent variables.
Their analvsis was used to rationalize the results of pressurization
and depressurization experiments where interfacial sources tend to
determine the extinguishment boundary. Brown, Muzzy and Stienle
[8] develop a similar analysis and apply it to T-burner response
functions in an effort to ratiomalize the shift in the response
curve as additives supposedly modify the interfacial thermal energy
sources. Their principal thesis is that since nearly all analysis
result in a two-parameter cequation {or the response function, as
claimed by Culick [15], one need only to determine these parameters
and the response function is established for all conditions. The
model presented by Krier, T'ien, Sirignano, and Summerfield [48]

includes a linearized pyrolysis law and an improved gas phase model.
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However, the final conclusions drawn are essentially the same as
previous studies. The results from the theoretical study by Friedly
and Petersen [26], wherein each of six variables were varied inde-
pendently, predict that the resonance point is determined primarily
by the surface reaction activation energy and surface temperature,
i.6., parameter A in the response function expression. The pre-
exponential factor for surface-coupled reactions is eliminated from
the results of the analysis so its importance can not be accessed.
A reportedly different approach which treats solid phase reac-
tions has been advanced by Culick [20]. Instead of treating the
effects of decomposition totally in the boundary condition, a finite
region of solid-phase reactions is allowed. Decomposition within
this layer is dependent on the temperature, but not the pressure.
A simplified model for the gas phase, although somewhat improved
over the model by Denison and Baum, leads to a relatively simple
expression for the solution of the gas-phase conservation equations.
Whereas Marxman and Wooldridge assume constant heat release in the
gas phase, Culick's model permits a fluctuation of the gas-phase
energy release which is temperature and pressure dependent. This
is accomplished by developing the assumption that the release rate
depends linearly upon the temperature and pressure fluctuations.
Solution of the energy equation in the solid phase is accomplished
by the usual perturbation scheme for the specified inert and reactive

regions. The matching of the temperature at the junction between the

B Y B R
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two solid phase regions yields an expression for the fluctuating

surface heat flux in terms of fluctuating surface temperature and

fluctuating pressure. Continuity of the heat flux from the gas
phase to the solid phase yields the relationship between pressure
and mass burning rate. The real part of the solution of this
expression is, bLv delfinition, the response function. Numerical
results determined using a range of values for the large number of
input parameters leads to the following conclusions:

1. The maximum in the response function as a function of frequency
occurs at a higher frequency as the activation energy of the
surface pyrolysis is increased.

2. When decomposition reactions are included, reasonable response
functions are obtained only for decomposition reactions which
are exothermic. This seems to be a general result for all
models, regardless of the values assigned to other parameters.

3. There is énly a weak dependence of the response function on
the temperature sensitivity of the decomposition reactions in
the solid phase. Evidently the importance of the solid phase
decomposition lies mainly in its effect on the mean temperature
profile, which in turn affects the heat transfer away from the
solid-gas interface both in the steady state and when the
surface position oscillates due to oscillatory burning.

A model of combustion instability has been advanced by Cantrell,

McClure and Hart [9] which ineluded the effect of thermal radiation
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on the acoustic response of solid propellants. Their concern was
that the natural radiation from the flame zone might be an appreci-
able fraction of the heat flux to the propellant and would modify
the response function. The results from this theoretical model
were not useful in the present investigation where radiation was
the principal disturbance, since the final response function pre-
sented by Cantrell, McClure and Hart was in terms of pressure and
not heat flux fluctuations.

The mass-burning rate pressure response function for a composite
propellant can be deduced from oscillatory combustion data taken
in a T-burner or a L*-burner. Most of the results of theoretical models

can be cast into the form [15],

m’/m A“AB (3.7)
p'/p D“"T_ (1 + A) + AB]

where A is a complex function of the dimensionless frequency, Q is
the dimensionless frequency (aw/r?), a is the thermal diffusivity
of the solid, w is the angular frequency, r is the mean burning
rate, and the pressure index, n, in the burning rate law r = a p .
The values of A commonly used to fit experimental data are from 10
to 30. The parameter B generally lies in the range 0.7 to 1.2 and
depends on the model for the gas-phase reactions. The real part of
equation 3.7 is called the pressure response function. In most
E (TS - Ti)

theories A is equal to — while B is determined by the

RT T
s s
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model used for the gas phase conservation equation., If the parame-
ters A and B were known, one would have the complete response
function. As discussed by Culick [15], it is actually the corres-
pondence between the surface heat flux fluctuations and the mass
burning rate which is needed in striking an energy and material
balance at the solid-gas interface. However, ghese quantities are
not easily determined. The pressure entered the analysis through
the burning rate law and in most experiments is a much easier vari-
able to measure than the surface heat flux. Thus, the pressure
and/or pressure oscillation growth rates are used in the interpre-
tation of experimental results.

From a somewhat more fundamental aspect however, if the surface
heat flux were known and its dependence on pressure could be computed,
the form of the response function could be changed into one con-
taining the surface heat flux and its fluctuations with pressure.
Before one can hope to accomplish such a task, a greater understand-
ing of the relationship between the surface heat flux and its
fluctuations and the corresponding burning-rate perturbation must

be achieved.

D: PROPELLANT RESPONSE TO RADIANT HEAT FLUX PERTURBATIQONS

The purpose of the discussion which follows is to describe
the predicted response of a burning propellant to radiant flux

variations and to show the similarities and differences to be
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expected for the pressure-driven and heat flux—drivén cases.
Relationships are developed for the response, first, of the opaque
propellant and then of the translucent propellant. Finally, the
predicted pressure~driven response for the same gas-phase model is
developed and compared to the predicted flux-driven response.

In the following analysis the steady state position of the
surface of the solid propellant is assumed to be at X = 0 and the
solid moves from X = -~ at a velocity of r, the propellant burning
rate. The position 0 and 0+ are on either side of the origin.

An inertial coordinate system is used. Thus, periodic variations
of the distance, XS, between the propellant surface and the origin
occur. The pésitions S+ and $§ are respectively in the gas and the

solid phase.

1. Gas Phase Analysis

The existence of an intense flame over the propellant surface
must be accounted for in writing the energy equation for the gas
phase. The steady state conductive heat flux from the gas phase is

given by equation 3.8 as,

aT

(kg dx

Y =m o - o @ - Tl (3.8)

A convenient form of the gas phase burning velocity is,

T
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_ S T

m, =K Pl T2 [1--R (T -T)]%e/2RTE (3.9)
f 1 f £ f 5

Equation 3.9 is based on the sharp flame front model [21].

The perturbed form of equation 3.8 is,

k, &Y 4 =n'lo, - ¢, (T - T)1 -ac (T - T). (3.10)

g dX 's
The flame temperature fluctuation appearing in equation 3.10 can be
expressed interms of the surface temperature fluctuation and the
gas phase burning velocity by perturbing equation 3.9. The assump-
tion of isobaric conditions is convenient for the interpretation of
data, t.e., v, = 0. For additional convenience, and for the lack
of detailed information, the coefficient v, will also be taken as

zero. The flame temperature fluctuation needed in equation 3.10

becomes,
T! m! T'
= (3.11)
T m T
s 5
C T
where C) = zi%z— )
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1
Cq—c3s

Cy
C5-~6§.

The results from the analysis of the conductive flux fluctuation

from the gas phase is given by equation 3.12,

1 L T‘ Tl
dt' e - - = Mg s - = s

(k =) + =—m Cz—mC T (C,_;_'_———CS_—)'FmC T — . (3.12)
g dX ’s = s = TS p s TS

Equation 3.12 will be used later in connection with the matching

conditions between the gas phase and the solid phase.

2. Ana]yéis of the Solid Phase of an Opaque Propellant

A perfectly opaque propellant will absorb all of the imposed
radiation at the surface. Such a material does not exist, but it
is convenient mathematical invention. The thermal energy equation

for an opaque, chemically inert solid is,

Z
adz—rg—}’r{=0, (3.13)
X

in the coordinate system shown in Figure 3.1. The possibility of
chemical reactions could be considered in the boundary condition
or as a distributed energy release term in equation 3.13. For the
present case, all chemical reactions associated with polymer and
AP decomposition will be treated as a boundary condition. The

solution of equation 3.13 with the boundary conditions, X = 0,
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E = Tr and T +'T_m as X » -», is,

<

oTX/ (3.14)

T-T = (TS -T_)
The complete temperature field must be found for the matching

conditions. It is convenient to separate the steady and unsteady

temperature fields as given by equation 3.15,

T(X,t) = T(X) + T'(x) et. (3.15)

Equation 3.15 is used in the unsteady heat conduction equation, and
the res;lt is a separation into the steady and time dependent
parts. The steady state solution is given by equation 3.14. The
equation for the temperature fluctuations is found from equation

3.16,

dZT' EI'

- -— v =
g X T' iw = 0. (3.16)

o

The characteristic equation for equation 3.16 has roots,

=

}\1, }\2=—(liV (3.17)

iwa ),
2 1+ 4 )

of which only the one with the positive sign yields finite solu-

tions as X + -». This root can be separated into real and imaginary
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parts,
1 1 2.} k5
Ao=5 | 1F ;::;[(1 + 16Q4) = + 11°|, (3.18)
2
1 N L
A, =——— [(1+ 160°)° - 1]"°. (3.19)
Yoo 2

The general solution to equation 3.16 is,

T =T R (3. 20)
since T' = T' at X = 0. The required temperature profile for the
O
solid is now known for the opaque solid and can be used in the
boundary condition at the solid-gas interface.
dT! _ dT' 1 1
(- k ax )s_ = (—‘kg IX )§+ + m ;, ~ F_ . (3.21)

However, equation 3.21 requires the gradient at the propellant
surface but equation 3.20 yields the gradient only at the coordinate
system origin. The solid-gas interface matching conditions must

be considered.

3. Matching Conditions at the Solid-Gas Interface

The equations derived for the temperature for the solid phase

were for the coordinate system origin, not the propellant surface.
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Culick [16] has shown that a simple way to get the surface condi-
tions, which will be valid for small perturbations, is to expand

the temperature fluctuation and the temperature gradient in a Taylor

i
1
i

series about the coordinate system origin. This procedure vields

the result that,

dT
TrSi = T'Oi + (ﬁ)oi XS ; (3.22)
dr' dT! d2T
G o= (). (_2) L X (3.23)
s o dXc o° s

The equivalence of the use of equation 3.22 and 3.23 and the result
for the heat transfer rate as deduced when the coordinate system
is attached te the oscillating burning propellant has been demon-

strated by Culick [17]. There it is also shown that,

, (3.24)

so the matching condition can be used to write the burning rate
response equation. (Within the framework of the quasi static treat-
ment of the gas phase, only the solid phase conditions must be

used in equation 3.22 and 3.23. Under the experimental conditions
of this investigation the gas phase should exhibit quasi static

behavior.
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4. Burning Rate Response of an Opaque Propellant

The burning rate response of an opaque propellant to a distur-
bance in the thermal radiant energy flux can now be written by use
of equations 3.22, 3.23, 3.24, 3.21 and the perturbed pyrolysis

law. The normal pyrolysis law states that,

a -
m_=Kp P s o"Fs/RTs (3.25)
Which, for constant pressure, yields the result that,
ms B T4
— == = (3.26)
m RT T
s s s
The fluctuations in the surface temperature gradient becomes,
(T -T )
dr' - —
(kﬁ-i)s_=mCAT;+—--§wA————m' . (3.27)

Equation 3.11 and 3.26 can be used to eliminate the flame temperature
fluctuation and the surface temperature fluctuation, and since
m' = m% = mé, the gas side conductive heat transfer fluctuation can

be expressed in terms of the mass flux fluctuation and steady

state combustion parameters. The result is given as equation 3.28.

s 1
ot RTS CTS
m - _ , (3.28)
oo +‘% + AH - Cy —§-—%~ + Cg
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where _ _
E T.-T,
A= -_— p—
RT T
s s
H = %s
C(T_ -T )
S —
and
C E C C
C6=ER f Cq-—ERCg,-ER.
RTS

The real part of equation 3.28 was computed for a range of parameters
similar to those uséd in the case of pressure-driven oscillatory
burning. The results are shown in the following figures, after
normalization to the zero frequency limit. Figure 3.5, 3.6 and

3.7 shows the influence of the heat of gasification on the response
function. Figure 3.3 shows the influence of the surface tempera-
ture on the response function. Figures 3.5, 3.6 and 3.7 also show
the influence of propellant opacity on the response. In all cases,
the response at low frequency is low with a steadily rising value

as the frequency increases. At the frequencies greater than the
frequency of maximum response, the response decreases rapidly

with frequency.

5. Analysis of the Solid Phase for a Translucent Propellant

Since radiant energy was used as the driving energy stimulus,

any in~depth adsorption of radiant energy will modify the burning
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rate response. This difference in response shows up in the boundary
conditions required for the steady state and for the perturbed
thermal energy equation. The thermal energy equation in this

case 1is,

27 = YF
o 7T _ T QI-+ or eYX =0, (3.29)
dx2 dx pc

where Yy is the Beer's law absorption coefficient and For is the
natural radiation from the flame. The other terms in equation

3.29 have their usual significance. The same coordinate system

as for the analysis of the opaque solid is used. The thermal
energy equation is linear in temperature, so it can be separated
into two temperatures. This makes. it possible to separate equation

3.29 into two equatioms,

dZTC dT;
a -r =0, (3.30)
dx -
dx?
and - _ _
d<T dT YF
M 2r -t o X =0, (3.31)
dX

Equation 3.30 and 3.31 must be satisfied using different boundary
conditions. For equation 3.30, the boundary conditions are the
same as were used for equation 3.13. The solution is equation
3.14. The temperature profile due to radiant energy can be found

from equation 3.31 by using the following boundary conditions,
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dTr
F=O at X=0,
T, 0 as X > =,

The complete solution to equation 3,31 becomes,

Yior . 0
[ig»erx/d - eYk] . (3.34)

T =

(ay? - 1Y) pC

The complete steady state temperature field within the translucent

solid becomes,

. _ vF
T-T o+ (@ -1 % or (2 X/l oL (3.35)

(ay? = ry) pc

Equation 3.35 can be used to form the matching conditions at the
solid-gas interface for the burning surface. Clearly, as the
extinction coefficient, y, becomes very large, the steady state
temperature profile converges to the temperature profile for an
opaque propellant, equation 3.14.

It is necessary to first develop the solution to the perturbed
temperature field in a translucent solid. Consider the equation

for unsteady heat conduction into a translucent solid,

2 3 YF
a'§~1 - T §T + —= eYX = 0. (3.36)
%2 oX ot pc

The temperature field can be separated into a steady state and an
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unsteady contribution,

T (X,t) = TX) + T'(X) M. (3.37)

The spacial fluctuation in temperature can be separated into a

conduction and radiation contribution.

T' X) = T;(X) + T;(x) . (3.38)

\

The imposed flux can also be considered to be a harmonic function

in phase with the temperature.

F =F +F'e (3.39)
r r
Substituting, equation 3.37 and 3.39 into equation 3.36 yields
two equations to be solved,
d’r! ar!
a -r - iwl' =0 , (3.40)
dx2 dX C
and
d’t! dr! VPl o
a - - T = —— e =0 . (3.41)
dx2 dX r pc

Equation 3.40 must be solved using the following boundary conditions,

Té >0 as X + -=

Té = T' at X

1
[e]
L

(3.42)
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Equation 3.40 must be solved using the following boundary conditions,

T; -0 as X » -o,
a1,
(G =0 at X = 0. (3.43)

In general, the unsteady temperature field is,

ArX/a g! o ArX/a X
I AT [ e Jo g%y (3.44)
(ays - vy - iw)
where
F'
B'=Yr
pc

6. Matching Conditions and Burning Rate Response for a

Translucent Propellant

The matching conditions at the solid-gas interface between the
translucent propellant surface and the gas phase is given by
equation 3.45,

dT' aT' '
(kg Hii)s+ = (k X )S_ +m' q . (3.45)
The conductive heat flux from the gas phase is given by equation
3.12. The temperature gradients needed in equation 3.45 are at

the propellant surface, not at the coordinate system origin. As

in the case of the opaque propellant, equations 3.22 and 3.23 can
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be used to determine the surface conditions from the solutiomns
which are valid at the coordinate system origin and, after the use
of equation 3.45, lead to the burning rate response for a trans-
lucent propellant when k = Ya/;.

Es 1 (¢ - 2) x

— 7
. RTS'CTS [k -k -2 (O =-1))]

. (3.46)

B

e

. E
A+A+AH—'%'—i—'C + C

A RTS CTS 2 6
As the opacity of the propellant increases, the response function
for the translucent propellant, converges to the same value as for
the opaque pfopellant. The steady state value, w = 0, of the
response was used to normalize the burning rate response.

E: BURNING RATE RESPONSE TQ PRESSURE FLUCTUATIONS

A direct comparison of the predicted response to pressure and
flux perturbations is possible if the same gas phase model as employed
to develop the response functions. Culich [153] shows that the pressure-
driven respomnse function can be written as,
EW-n (V-2})
m'/m _ ° . (3.47)

p'/p A+ % +LE - V

where the solid-phase parameters,

A=(1-7T_/T) (E_/RT)
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L = qS/RT; , and E = Es/Rfs .

For the sharp flame front model,

E c, EP_ E
V=— &) - ( - C~ 1),
e 2 C C 'RT_C, 5

C
W= B @), and
C 3

the other constants are defined under Eq. (3.11). Since the pressure
driven response function should equal n at low frequencies (& 1),

n_ may be evaluated to insure this limiting condition, or

_ nA+ E (oL - W)
n +
1 -V

F: RELATIONSHIP BETWEEN MASS FLUX PERTURBATIONS AND THE TRANSIENT FORCE

The steady state recoil force which results from the mass
leaving the burning surface is given by equation 3.6. The tran-
sient force due to mass flux, flame temperature and pressure fluctuations
can be found from a first-order perturbation of appropriate terms in

equation 3.6. The result is equation 3.48,

RT RT ' RT
f'(t)=25m'(t)§M—+m2-l~)—§-— —ﬁszp' ) (3.48)
PM
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The first term in equation 3.48 is on the order of 200, the second
10, and the third, 1. Using the equations which were derived
earlier for the mass flux and for the flame temperature fluctu-
ation and neglecting pressure fluctuations, the transient force
can be written in terms of the kinetic parameters. Abbreviating
the real part of equation 3.28 by Rop, and using equation 3.11,
the transient force due to the mass flux and flame temperature

fluctuations can be written,

RT, RTS R'T'S
] - 9 t -2 S - 9 ]
£'(t) 2m Tl op Fr +m oM (Cy Cs Es ) Rop Fr . (3.49)

For the case of a translucent propellant, the transient force is

given by,
RTf RTS RTS
] Y T ' —2 S - o v
£'(t) = 2m P R Fr + m o (Cy Cs Es ) RTR Fr . (3.50)

where the right hand side of equation 3.46 is abbreviated as RTR'
From both equation 3.49 and 3.50 it can be seen that the

force is directly proportional to the mass burning rate response
function. It now becomes a simple matter to also compute the
surface temperature and flame temperature fluctuations from equation

3.26 and 3.11 respectively, if desired.
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G: RESULT OF A PARAMETRIC STUDY OF THE RESPONSE FUNCTIONS

Values of the heat-flux-driven response function for the transluscent
propellant given by equation 3.46, were computed for various values of the
input parameters. The objective of these calculations was to demonstrate
the qualitative similarities between experimental results and calculations
and to aid in selection of parameters to describe the response the actual
propellants tested. The following plots are in terms of the real part of
the response function normalized to the steady-state or zero frequency value.

Figure 3.2 illustrates the effect of variation of the activation energy
of the surface pyrolysis reaction, ES for an apaque propellant. Higher
values of ES increase the response relative to the zero frequency value
and also increase the frequency at which the maximum in the response function
occurs. Variation of ES was found to be the only effective method for signi-
ficantly changing the position of the maximum in the response functions. To
a good approximation, the experimentally observed position of the maximum
could be used to determine ES if, of course, it is assumed that the model
is adequate.

Figure 3.3 shows the effect of variations in the steady-state surface
temperature. The response is apparently insensitive to variations in'fs,
and most calculations were made for a fixed value of Tg = 850°K.

The magnitude of the heat release at the propellant surface, 4, Ppro-
foundly affected the predicted response; and Figure 3.4 shows an example
of this effect. 1In general, large energy release at the surface produces
high response function maximums. However, for some values of the parameters,
large ES for example, as the magnitude of —q increases, the effect is found

to pass through a maximum and then decrease.
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Figure 3.5 shows the effect of propellant opacity, vy, on the flux-driven
response. For a y of 104cm-1 the opaque and translucent responses are es-
sentially identical. Significant effects are noted at high frequencies even
for y greater than 1000 which would represent a very opaque propellant. For
many practical propellants y approximately 100 cm_l, and their response to
radiant flux would be expected to be dominated by transmissivity effects.
Experimentally, this effect was noted; very transparent propellants were
found to be insensitive to high frequency radiation perturbations.

Figure 3.5 also shows a comparison of the pressure-coupled model results,
equation 3.47 to the flux-driven case for the same values of the combustion
parameters. The response functions are not identical, but the qualitative
similarity is great enough to encourage the effort to obtain the pressure-driven
functions by measurement of the flux-driven case. Parameters which yield high
relative response to the radiant flux show strong response to pressure fluctua-
tions although the frequency of the response function maximum is somewhat greater
for the pressure-driven case, and the high frequency effects are also greater.
If n in equation 3.25 is taken to be equal to zero, as is often assumed, the
resulting response function differs from equation 3.46 only by a constant.

Figure 3.6 represents the calculated phase angle between the input flux
and the mass effux response for the parameters of Figure 3.5. 1In general,
the prediction is for a phase lead at low frequencies, a zero phase angle
near the maximum in the response function, and a high frequency asymptote
from =50 t0-90%, For some values of the parameters (large values of Es’ Ej’
and —qs)the phase angle is predicted to shift discontinuously from a lead to
90° lag at the response function maximum and to then approach a smaller lag
angle at high frequencies. This particular type of behavior was never ob-

served experimentally.



CHAPTER IV: APPARATUS - GENERAL FEATURES

Radiant energy focused on the burning surface of a solid
propellant strand was used as a means of perturbing the burning
rate. Several sources of thermal radiant energy were considered
after the criteria for the energy source were set. These criteria
are: (1) a flux great enough to perturb the reaction zone was
required; (2) a uniform flux was needed over a region large enough
to get an average response, Z.¢&., hot spots from the source should
be much larger than the individual AP particles; (3) an appreciable
depth of field in the focal volume of the energy flux was necessary
so that the sample would be exposed to a uniform flux as the inter-
face regressed since fixed position strands were employed; and, (4)
the heat flux produced by the energy source should be reproducible
over periods of several months and be steady throughout the test
time of a few seconds.

A gas laser source was considered because commercial equipment
met criteria number three and four very well. However, the energy
is concentrated into such small areas that an average response
could be difficult to achieve. Results from recent propellant
ignition and combustion studies employing laser radiation confirm
this suspicion [31,72]. Thermal radiation sources appeared to be
the only practical devices, and arc sources appeared to be most

applicable. A thermal radiation furnace powered by a high-pressure-
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compact arc, Mercury-Xenon lamp was chosen as the energy source
as the best compromise of requirements and availability. The

voltage-current requirements of the Mercury-Xenon lamp were easily

supplied by an existing power supply.

A: RADIANT SOURCE UNIT

A radiation furnace was constructed with the arc lamp at the
primary focus and a combustion chamber at the secondary focus of
a 21-inch diameter elliptical mirror. The housing for the arc
lamp was made from steel channels welded into a 32 x 48 x 36 inch
retangular frame and covered with 3/8 inch transite. Doors on
the sides and the back facilitate easy access to the lamp and
reflector inside the lamphouse. A 21-inch elliptical reflector,
Model 2100-2 from Heyer-Schultz, Inc., was mounted on three-axis
adjustable frames to allow for focusing the system. Three adjustment
screws on the ring holding the reflector provide another degree of
freedom. The framework supporting the high-pressure lamp, (Hanovia
Model 932 B-39 5 Kw D.C.) compact arc lamp purchased from Engelhard
Hanovia, was also adjustable. Three blowers forced air into the
lamphouse to insure adequate cooling of the lamp and reflector.

An B.0-inch diameter two-leaf shutter operated by an air
piston was used to control the exposure interval for the ignition
and steady burning tests. The shutter mechanism was mounted on

a trolly assembly and could be completely removed from the radiation



46

beam. This feature permitted easier access to the combustion
chamber. Two water-cooled steel plates, mounted on a trolly
assembly and opening like a curtain, doused the beam of radiation
and prevented thermal damage to the shutter. Two multiflex Eagle
Signal timers HXS-141 were used to control the exposure time to
ignite the sample and to reopen the shutter to augment the burning
after ignition had occurred. A second shutter assembly was used
for the dynamic response experiments. This shutter, which could
be inserted on the same trolly assembly as a leaf shutter, con-
sisted of a 24-inch diameter chopper wheel with six equal open
areas and six uncut sections on the periphery of the wheel. The
chopper was dfiven by a 7/16 hp, 26 volt D.C. motor. The power
for driving the motor was supplied by a pair of high capacity
alkaline rechargable batteries. Speed control of the motor was
accomplished by use qf a heavy-duty rheostat. The chopper speed,
actually the period of exposure, was measured by a Berkley Model
7250 time interval meter which was triggered by a photo diode.
Radiation from the furnace passed through an 8.53~inch diameter
opening over the chopper. A manually-operated slide shutter
between the arc lamp and the chopper protected the chopper wheel

blades while the wheel was brought up to speed.

B: MEASUREMENT OF THE FLUX PROFILE

In order to insure that the surface of the burning strands

were always uniformly exposed to radiation, it was necessary to
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generate a three-dimensional map of the secondary focal volume
of the furnace. This was most conveniently done by use of the
transient, rate-of-rise type calorimeter in which a small hole
in a metal disc was used to define the area of measurement. A
number of calorimeters were built as adaptations of the basic
design by Beyer, McCulley and Evans [5]. Both an error analysis
and experience with this type of calorimeter indicate that when
properly assembled and used, the measured heat flux values are in
error by no more than 5 percent. In the present study, relative
values of the heat flux were most important, and such a maximum
error was considered tolerable. Figures B-1, B-2 and B-3 show the
result 6f this focal volume heat flux measurement. A cylindrical
region in which the maximum flux variation was less than 10 percent
existed for 2.5 cm in the axial direction and was 0.6 cm in diameter.
The size of this region of essentially constant heat flux was more
than adequate for tests with the 0.6 cm strands burned for sample
lengths of less than 1.0 cm.

A Hy-Cal Model €-1301-A-120-072 calorimeter whose calibration
was traceable to the National Bureau of Standards was purchased
for calibration of the rate-of-rise calorimeters. However, with
the available sources of radiation in the laboratory, it was not
possible to make direct comparison of the calorimeters without use
of radiation shields on the Hy-Cal unit. Because the uncertainties

introduced by use of these shields were as great as the maximum



Fig. 4-1.

General View of the Radiation Furnace,
Combustion Chamber and Data Acquasition
Equipment.

Fig. 4-2.

Closeup View of the Data Acquisation
and Data Processing Equipment. Tape-
recorder, RMS Voltmeter, Phase Angle
Meter, Amplifiers and Recorder.
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possible errors associated with the rate-of-rise calorimeters,
no improvement in accuracy of the flux measurement could be achieved

by use of the Hy-Cal calorimeter.

C: COMBUSTION CHAMBER

The combustion chamber, shown in Figure 4-4, was a 6 inch by
18 inch aluminum cylinder closed at one end by a cover plate with
a 3-inch view window and closed at the front by a 0.75 inch by
6 inch quartz window. Stainless steel tubing connections were
installed in the back plate to introduce cooling water and window
flushing gas. Electrical connections for ignition leads and power
for back lighting the sample were also installed in this back
plate. Windows placed around the cylindrical walls of the chamber
permitted viewing the sample from either side and from above. The
entire chamber was mounted on two adjustable stages to facilitate
three—-axis positioning of test areas at the secondary focus of the
elliptical mirror. A water-cooled triangular block was installed
inside the chamber. A 1.06~inch diameter axial hole in this block
was used to support the rate-of-rise calorimeters, a drill chuck
which served to hold propellant samples used in the burning rate
study, a force transducer used during dynamic response tests, and
various other attachments used in the supplementary tests. Four
1/4 inch openings around the 6-inch diameter window were used to

permit the introduction of nitrogen for flushing the window. A
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4-3. Attachments for Various Experiments. Left to Right:
Ignition with surface cooling, holder for burning rate
tests, rate-of-rise calorimeter, micro-7orce transducer
and the sample mount for transient burning rate experiments.

Fig. 4-4. Combustion Chamber and the Three-axis Positioning Stages.
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120-liter surge tank was connected to the chamber by a Z2-inch
diameter rubber hose which served to maintain essentially constant

pressure in the chamber. The combustion chamber was operable from

full vacuum to 5 atms pressure.



CHAPTER V: THERMAL RADIATION AUGMENTATION OF
AP COMPOSITE PROPELLANT BURNING

The considerations presented in Chapter III indicate the
desireability of knowing the effect of a thermal energy distur-
bance on the burning rate of a composite propellant. This chapter
contains a discussion of the determination of the influence of an
external radiant heat flux on the steady burning rate and an estimate
of the thermal radiation absorbed by the propellant flame. Values
of the apparent heat of gasification of a series of propellants
are presented based upon the results of this determination.

Several ogher research groups have tried to determine the
effect of thermal radiation on propellant burning rates [51,60].
Ohlemiller and Summerfield [60] advanced a propellant sample in the
focus of an arc furnace to maintain a nearly constant imposed flux
at the burning surface. The depth of field of the arc image furnace
they used was small so advancing the sample was necessary. The
results of their work were not useful for the present study since all
tests were made at pressures below the propellant deflagration
limit., Levy and Friedman [51] considered the burning rates of
pressed strands of AP during exposure to radiation. They were
able to demonstrate that the burning rate could be increased by
use of external radiation. Because the AP strands burned slowly,

manual advancement of the regressing interface to maintain focus
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was satisfactory. In the present study, since the flux at the
secondary focus was fairly uniform, and the burning rate was con-
sidered to be too fast to accurately advance the samples, the strands
could be held in a fixed position at the secondary focus of the

optical system.

A: BURNING RATE MEASUREMENTS

It was not possible to generate a radiant heat flux of sufficient
intensity to greatly increase the burning rate. Typically, the
increase was only 5 to 10 percent of the steady regression rate.

" Thus, accurate measurement of the linear burning rate was necessary,
and thié requirement was satisfied by using a photographic technique.
Several alternate methods of measuring the increase in burning rate
were attempted. The accuracy of the cenventional technique for
measuring burning rates by the use of imbedded timing wires was

found to be about equal to the maximum change produced by the
external radiation. In some tests, the regression rate was measured
by continuocusly weighing the burning strand. The strand was

mounted at the free end of a flexible, cantilever metal strip, and

the strand weight was determined by measurement of the beam deflection
with a fiber optics position sensor. Unfortunately, for configura-
tions with sufficient sensitivity and adequate response times,

the natural frequency of the systems was in the range of the low

frequency (20 to 40Hz) combustion noise, and the resonant coupling

produced spurious signals which completely obscured the desired



54

information. An attempt was made to measure the changes in burning
rate by the measurement of the rate-of-change of the transmitted
radiation intensity as the samples regressed. A high and low
modulation of the radiation from the arc lamp was employed to obtain
the transmitted light signal which was detected using a vacuum
photodiode. The changes in the burning rate measured for a single
strand as a result of the high-low flux variation were consistent,
but the run-to-run reproducibility was not satisfactory. Useful
data were obtained from scaled motion pictures taken of back-lighted

burning strands.

B: PROCEDURE FOR MEASURING STEADY BURNING RATES

Cylindrical samples 3 cm long and 1 cm in diameter were cut
from slabs of cured propellant and were held in the jaws of a drill
chuck mounted in the triangular block inside the combustion chamber.
Figure 5-1 shows the sample mounting arrangement. A thin layer
of Kel-F grease on the non-burning sides of the samples was used
as an inhibitor. About 2.5 cm of the original sample extended
beyond the jaws of the chuck. A small scale which was mounted on
the drill chuck was visible on the film and was used to determine
the magnification. A 16 mm movie camera, Kodak Cine Special with
external lenses, was focused on the center of the cylindrically-
shaped samples and operated continuously at 20 frames per second

during an ignition period, a steady non-radiated period, and a
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radiated period obtained by controlling the shutter.

Two timers were used to control the radiation furnace shutter
sequence. The initial exposure was about 1.5 times the known
ignition time and was sufficient to insure consistent ignitionm.
The shutter was then closed for one or two seconds to obtain a
period of undistrubed steady burning. It is shown in Chapter VI,
that the steady-state burning rate is obtained in less than 50
milliseconds after changes in flux for all propellants consi-
dered. The shutter was then reopened and the strand exposed to
radiation until near sample burnout. Finally, a manual override
switch was used to close the shutter. The framing speed of the
camera was assumed to be constant during the exposure of each roll.
The framing speed of the camera was determined by photographing
the digital display of a Hewlett-Packard electronic counter, Model
7250.

The developed film.was studied by displaying it on a single
frame film reader. Overall magnification varied slightly from
run to run and averaged about 8.25. From 10 to 25 runs could be
recorded on 100 feet of film., The sample length as a function of
time was determined from the photographs for each run, and these
data were used to determine the linear burning rate during the

test sequence.
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C: ABSORPTION OF RADIATION DUE TO THE PROPELLANT FLAME

Estimates of the imposed radiation losses in the flame were needed
in the interpretation of the transient and steady-state burning rate
data. Tests designed to yield such estimates are briefly mentioned
here and discussed in detail in reference [56]. The methods used to
estimate the radiation loss lead naturally to several other experiments
involving the transmission of radiation by propellants aud the effect ol
temperature on this partial transparency which are described in reference
[56].

Two methods were used for estimating the fraction of the radiation
from the arc-lamp which was absorbed by the flame. Both methods gave
equivalent results. Each technique, required the use of an RCA 1P42
vacuum photo diode to measure low level heat fluxes. The photo diode
output is proportional to the intensity of radiation with peak spectral
response at o.5um which is near the maximum in the intensity of energy
from the xenon-mercury lamp. All systems considered which used the photo
diode as a heat-flux indicator were shown to be grey absorbers. The photo
diode was calibrated against the type of calorimeter described in Reference
[5] at very low flux levels,

The primary technique used for estimating the flame attenuation re-
quired the insertion of 0.3mm diameter, thin wall tubes down the axis of
the 1.65cm long x 0.65cm diameter samples. The end of the tube on the side
of the sample exposed to the radiation extended lmm beyond the sample surface.
The photo diode monitored the radiation through the opposite end of the tube
and the decrease in photo cell signal which resulted as the flame was estab-

lished was assumed to be the result of energy absorption in the flame.
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The second technique which was applicable only to translucent propel-
lants, involved monitoring the intensity of lamp radiation which passed
through the strand and noting the drop in the photo cell output during
the end of the ignition tramsient.

Table 5.1 summarized the results of this study. The clean burning,
polyurethane propellant flame absorbed about 20 percent of the incident
energy while for the formulations containing 1 to 2 percent aluminum and
solid burning rate catalysts as little as 20 percent of the incident

energy reached the propellant surface.

D: DATA FROM STEADY BURNING RATE EXPERIMENTS

One advantage of the photographic technique was evident from
tests on the various propellants. Anomolous behavior, particularly
non-uniform regression, could be recognized and the data from such
a test were rejected. The results of the radiation augmentation burning
rate studies are summarized in Figure 5-2. The detailed data are tabu-
lated in Appendix C. In all tests, the maximum heat flux from the arc
image furnace was 14.85 Cal/cmzsec (uncorrected for losses due to the
flame).

With the exception of the low AP loading propellant UBU, all
steady-rate burning rates were found to increase linearly with the
external heat flux. Propellant UBU was burning near its deflagration
limit, for the 0.80 cm2 cross-sectional area used in this test, and
external radiation was required to sustain combustion. For the larger
diameter samples of UBU (1.65 cnz) used in the tests described in

Chapter VI, the supplementary energy was not required. These burning
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TABLE 5-1
LOSS OF IMPOSED RADIATION DUE TO THE
PROPELLANT FLAME

Propellant Average Percent Radiation Loss
Code Through the Propellant Flame
UAO 50 - 60%

UAQ 25 - 35%
UAP - 70 - 80%
UBT 15 - 25%
UAZ 15 - 25%
UAY ‘ 15 - 25%
UBU 15 - 25%

Average range of fractional losses for both the view
through a small tube and the direct view through
translucent propellants.

UAP contains 27 aluminum.
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rate data were used to estimate the net heat of gasification.

Table 5-2 contains the net heats of gasification as calculated
by using equation 3.11. Note that only general trends with respect
to fuel-binder and oxidizer concentration can be drawn.

A possible explanation for the net heat being exothermic is
the presence of a very intense flame from the burning of ammonia
and perchloric acid which is known to be exothermic [40]. The
protrusion of ammonium perchlorate particles above the mean surface
of the propellant flame which in turn supply the thermal energy
necessary to pyrolyze the fuel-binder. It has been shown that the
net heat effect should be exothermic as a consequence of the heat
from the ammonia/perchloric acid flame [40]. Estimates of dq based
on an equation given in the literature[74], yield exotherms for all
propellants used in this study.

The principal conclusion of these results is that, because of
required assumptions and experimental uncertainties, only order of

magnitude values of qs may be determined by this technigque.
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TABLE 5-2
NET HEAT OF GASIFICATION OF VARIOUS PROPELLANTS ESTIMATEC
FROM RADIATION AUGMENTATION BURNING RATE DATA

Propellant Corrected Slope Net Heat Effectl’2
Code ar/aF q; cal/qg
UAO 5.98 x 10 3 - 64
UBU 14.6 x 10 3 -140
UBT 6.94 x 10 3 - 78
UAX ' 3.7 x 10 3 0
UAY 3.28 x 10 3 + 20
UAQ 3.6 x 10 ° 0

! Initial temperature of the propellant, 2500°K,
Surface temperature of the propellant, 850°K.
Propellant heat capacity, 0.33 cal/g °K.

Propellant demsity, 1.65 g/cm3.

1

TS P s -®
p(aF)TS,Tm
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E: FACTORS INFLUENCING THE NET HEAT EFFECT

A re-examination of equation 3.3 for the net heat of gasifi-
cation yields some suggestions for alternate exp¢riments which are
related to the consequences of thermal effects near the solid-gas

interface.
F=m [Cp (TS - T_w)+ qs] . (3.3)

If the relationship between heat transfer from the gas phase,
conductive and convective, and gas phase burning velocity is ignored
an& a thermal radiant energy perturbation is treated as being
equivaient to a conductive or convective flux perturbation, then
equation 3.3 is a valid expression relating a heat flux disturbance,
burning rate change and net heat of gasification. To a first
approximation this assumption of equivalence between thermal radiant
energy and conductive heat flux disturbances is likely valid. In

the case of small burning rate fluctuations affected by the flux
perturbations, as in this study, the errors arising from the impre-
ciness of this statement are undoubtedly smaller than the errors

in the experiment. Tt should be recalled that equation 3.25

for the radiation-driven, propellant-response function incorporates
the inevitable consequences of forced mass efflux and gas flame
adjustments, albeit only for laminar flames. Thus, within the

framework of the assumptions incorporated in the interfacial thermal
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energy balance, and for small burning rate perturbations, equation
3.3 can be used to estimate the net heat of gasification.

Beginning with the above equation, equation 3.9, the net heat
of gasification can be shown to depend on imposed radiant flux,

surface temperature and initial temperature as follows,

-1 1 e 1 _
VG Cdmm T Cam@m ¢ T TS (5.1)
dTS dT__

The first term in equation 5.1, as measured in the present study,

is comparatively large, nearly equal to the fourth term. Measure-
ments of the surface temperature of ammonium perchlorate propellants,
using IR detection schemes, shows that over a limited pressure range,
the surface temperature is constant [41] and in the range from

500°C to 550°C. It has been shown that decomposing ammonium per-
chlorate exhibits a temperature sensitivity similar to that given

by an Arrhenius expression [40,41], with an activation energy of
about 30,000 cal/gmole °K. Presumably, ammonium perchlorate-
oxidized propellants should follow a similar Arrhenius expression,

m = B exp (-E/RT), which yields,

E
dln{m) s
IT = S (5.2)
s RTS

The effect of initial temperature on propellant burning rates has

been shown to be of the form,

o S 7 Rt A e e WG < 2k
s, ] i A 2
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o T . b
=a |/ (5.3)
m T
ref ~» ref
where m is the mass burning rate corresponding to the reference

ref

initial temperature and a and b are positive constants [35].

dln(m)_ b
9T =5 - (5.4)

-_— -—C

Combining equation 5.1, 5.2 and 5.4, the result is,

RT
s

E

1
-CT_ ( +D+CT_, (F+ 1. (5.5)

1
47 dn/dF¥
Equation 5.5 indicates that increasing the initial temperature
yields higher net heats of gasification. High surface temperatures,
at constant surface activation energy, make the net heat effect
less endothermic. Possibly, as in the case of fuel-binders which
resist thermal degradation, the net heat effect could change from
an exotherm to an endotherm simply by lowering the oxidizer loading.
If the imposed flux causes large changes in the burning rate, the
net heat effect would be small, according to equation 5.5, Z.e.,
a smaller heat sink would be more easily saturated. Figure 5-3
is a plot of equation 3.3 showing the net heat of gasification as
a function of surface temperature and imposed flux-burning rate
curve slope.
The principal conclusion here is that because of required assumptions

and experimental uncertainties, only order of magnitude values of gs may

be determined by this technique.
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CHAPTER VI: TRANSIENT BURNING RATE EXPERIMENTS

As discussed in Chapter III, several sipgnificant questions
related to oscillatory combustion remain unanswered. This chapter
contains the presentation of an experiment designed to determine
the magnitude of the burning rate response to periodic surface
heat flux perturbations. The objective of these experiments was
to demonstrate the trends in the transient burning rate for a range

of imposed thermal radiation frequencies.

A: EQUIPMENT: MICROPHONE ADAPTED AS A TRANSIENT FORCE TRANSDUCER

The choice of a method for measuring the combustion recoil
force discussed in Chapter III, equation 3.48, was made after the
performance criteria were set. These criteria are: (1) the sensing
element must be capable of detecting the small changes (100 to 2000
dynes/cmz) in force produced by the burning rate perturbations
stimulated by the radiant heat flux; (2) the response character-
istics should be independent of the strand size; and, (3) the
response time of the unit must be shorter than the period of
driving frequencies used to perturb the burning propellant.

Many techniques for measuring the force created by the recoil
of a burning propellant strand were attempted before a suitable
method was devised. AMONE the methods attempted were: (1) a micro-

thruster or ballistic pendulum [23,43,44,45,75,76]; (2) a high
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quality phonograph cartridge, Shure M44-5, adapted as a force
transducer; and, (3) a strain element carrying the burning propel-
lant [43,44].

The successful technique finally devised involved using a
sound pressure microphone, Kistler Instrument Corporation Model 717,
driven by the burning propellant which was supported by a low=friction
load bearing fork,

Figure 6-1 shows the unit used for the dynamic response experi-
ments (transient burning). The transducer used to sense the recoil
force was sensitive to changes in recoil force, not steady state
values of the force. This feature proved to be advantageous since
only the changé in force as a consequence of the burning rate change
was sought. The transducer response was linear over a wide range
of frequencies and had high enough sensitivity to detect the low-
level transient forces. Thermal protection of the unit was necessary
because it was light and heat sensitive. This required placing the
propellant strand support behind heat shields, and connecting it to
the transducer with a drive pin. The moment about the low friction
bearing created by the strand mount caused the drive pin to rest
against the transducer. Ideally, no loss of frequency response
should be caused by this arrangement. However, the response time
of the transducer with the strand mount in place and the assembled
unit placed in a vertical position was found to be between 0.5 and

2 milliseconds and was found to have a decay frequency of about
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Transient Burning Rate Experiments.
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2500 Hz. This compares with 10 microseconds response time and a
frequency range from 2 to 50,000 Hz given by the manufacturer for
the transducer. Testing the response time of the assembled unit

in the vertical position with weights, 1 to 5 gms., on the pedestal
was considered a suitably severe test. In use, the assembled unit
was in a horizontal position and was judged to have minimal response
time of 1 millisecond and a minimal natural frequency of 2500 Hz.
The maximum frequency of the driving heat flux was 200 Hz. There
was no need to operate at higher frequencies because the maximum
response was observed to have occurred below 100 Hz for all propel-
lants tested. The response time of the vacuum photo diode was on
the order of microseconds and was independent of other system
variables.

Each of the propellants tested exhibited a diminishing mean
value of the transducer signal which approached zero at some high
driving frequency, but not the same frequency for each propellant,
of course. This particular observation added further supporting
evidence that the sensing element was responding to burning rate
changes and was not simply an equipment limitation. Propellant
samples three times as large as used in the majority of the tests
were used to determine whether the transducer sensitivity was mass
dependent. 1If the sensitivity were found to be mass dependent, then
one would be back to the nonstationary response problem which the

experiment was designed to avoid. Fortunately, the system was
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found to be insensitive to the three-fold change in initial sample
mass. Several advantages were gained by using this technique:

(1) consistent sample mounting was possible; (2} only changes in
force are sensed by the transducer; and, (3) the very high spring
constant of the transducer minimizes the problem of mass-dependent
response characteristics which are unavoidable with more flexible
systems. The assembly shown in Figure 6-1 was placed directly inside
the combustion chamber shown in Chapter IV. A photo diode, RCA 1P42,
was placed next to the transducer to determine the period of sample
exposure to the perturbing flux. The transducer and photo diode
were along the same axis of the radiation beam so that the photo

diode detected essentially the same exposure history as the sample.

B: PROPELLANTS USED FQR THE TRANSIENT BURNING RATE

The propellants used in the transient burning rate (dynamic
response) experiments contained a high loading of oxidizer in order
to produce relatively clean flames which would absorb less of the
external radiation. Selection of propellants was dictated by the
desire to characterize in detail only a few typical propellants,
which would yield general results, rather than performing an extensive
study involving many propellants. Table 6-1 contains the list of
propellants used in this study. Table C-1 in Appendix C contains

the composition data for these propellants as well as those used in

related experiments.



PROPELLANTS TAILORED FOR DYNAMIC RESPONSE EXPERIMENTS

TABLE 6-1
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Material Oxidizer Fuel Burning Rate
Code Ammonium Perchlorate Binder Additives cm/sec
UBU 65%, 50% 5u PU', 3272 nbf2,2% 0.119

1% carbon
black
UBT 65%, 50% 5u PU, 33% nbf, 2% 0.247
UAX 80%, 40/403 PU, 18% nbf, 2% 0.196
UCcx 80%, 40/40 PU, 17% nbf, 2% 0.137
1% carbon
black
ucv 80%, 40/40 PBAA4,187 copper 0.317
/ chromite,
27
UCW 80%, 40/40 PBAA, 19% carbon 0.154

black, 1%

1 polyurethane.

2 N-butyl ferrocene.

3 50% coarse, +48-100; 50% fine, 50% 5u or

% Polybutadiene-acrylic acid copolymer.

less.
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These propellants represent a suitable range of O/F ratio,
binder and catalyst to be representative of many ammonium perchlorate
propellants. In addition to the requirements mentioned above, pro-
pellants usable in this type of experiment must burn fairly uniformly
at moderate pressures, 7.e., near atmospheric pressure. The
combustion products should permit radiation penetration of the flame
zone, This precludes the use of highly metallized propellants and
suggests the use of high oxidizer to fuel racios. The low pressure
burning rate should be low enough that the maximum obtainable driving
flux frequency can correspond to the frequency of the thermal wave
relaxation time, a/r?. A dimensionless flux frequency greater than
ten shoﬁld be feasible. With the available equipment, this limited
the burning rate to less than 0.3 cm/sec for propellants having

a thermal diffusivity of 10—3 cm?/sec.

C: PROCEDURE FOR TRANSIENT BURNING RATE EXPERIMENTS

Propellant cylinders, 1.65 cm in diameter, were cut from
cured propellant slabs, sliced to the desired length, usually
0.65 cm, and stored in plastic bags until tested. The pre-selected
propellant samples were inhibited along all non-burning surfaces
with a thin coating of Kel-F #90 grease. Carbon black was dusted
on the exposed surface to aid ignition. The surface of each
sample was roughened to promote flame spread over the entire

surface. The individual steps for each run were:
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1. The inhibited sample was placed on the mounting pedestal.
A thin layer of Dow Corning grease on the sample base
provided adhesion. The output of the transducer (micro-
phone, hereafter abbreviated K.U.) was checked by manually
tapping the sample surface lightly and noting the deflec-

tion of the oscilloscope display.

2. The oscilloscope grid was photographed and the shutter
left open.
3. The dowser plate of the furnace was opened. The speed

of the chopper wheel, which had already been operating
at the selected speed, was checked by noting the period
of the exposure by use of the time interval meter.

4, A tape recorder (PI Model 2100) was started at a speed
of 15 ips and was operated in the record (FM) mode;
The photo diode (P.D.) and K.U. signals were recorded
simultaneously.

5. The oscilloscope sweep, which was preset at 1 sec/cm,
was started.

6 The small shutter between the dowser and the chopper
meel assembly was manually opened, and the sample ignited.

7. After sample burnout, the flux was terminated. The
tape recorder was stopped, and the photograph of the
oscilloscope trace was developed.

Ordinarily, ten or twenty samples of each propellant were fired
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during each of the fourteen series of experiments. A total of 590
tests of this type were performed in the determination of the

burning rate response.

D: DATA ACQUISITION AND REDUCTION

The data acquisition system is shown on Figure 6-2. Typical
output from this svstem are shown on Figure 6-3. The top trace is
the Kistler Unit (K.U.) output and e bottom trace is the photo
Qiode (P.D.) output. ©Note that ne siginal from the K.U. is present
until the sample ignites. The ignition time was also determined
from these photographs and served as a check on the heat flux (as
per thermal ignition models). All tests were restricted to atmos-
pheric conditions. Both the transducer and photo diode signal were
amplified using the Tektronik type 122 amplifier. The gain setting
was 100. The amplified transducer signal was recorded at 15 inches
per second on channels #1 and #7 of the PI Model 2107 tape recorder.
Channels #3 and #5 were used to record the photo diode signal.
Playback was usually at 3 3/4 inches per second, yielding a time
expansion of four. The amplifier output was also monitored to
provide a check on each test. The taped data formed a permanent
record of the tests and was processed after each series of tests.

The frequency of the imposed flux was modified for each test
but was maintained at a constant value throughout the test. The

frequency was controlled by the setting on a heavy-duty rheostat
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DATA ACQUISITION PROCEDURE FOR DYNAMIC RESPONSE EXPERIMENTS

Kistler Model 717 (K.U.) Low Level Pre Amp
"Quartz" Sound Pressure Micro- Tektronix 122-125
phone Gain 100
Photodiode Output (P.D.)
/]
y
Dual Beam Oscilloscope Tape Recorder
Tektronix 502 PI 2107
Polaroid Photograph FM, 15 ips
<
N

DATA ANALYSIS FOR DYNAMIC RESPONSE EXPERIMENTS

Tape recorder, PI 2107
FM, 3 3/4 or 1 7/8 ips —
K.U. output - s} Amplifiers, CEA
P.D. output » Gain 10
7T
Y
Tektronix 502 AD-YU phase angle meter
Dual Beam Oscilloscope [« K.U.-P.D. signals
Polaroid photograph HP 3400A RMS voltmeter
Honeywell 9410 correlator

output

phase angle £

RMS value of K.U. signal <

FIG. 6-2. Block Diagram of Data Acquisition and Data Analysis Procedure
for Dynamic Response Experiments



Fig. 6-3a. Transducer Signal from Propellant UBU, Run
Number 1402, Frequency 40 Hz.
Top Trace: transducer signal, 10 mv/cm.
Bottom Trace: photodiode signal, 20 mv/cm.
Oscilloscope sweep rate, 1 sec/cm.

Fig. 6-3b. Transducer Signal from Propellant UCX, Run
Number 1147, Frequency 50 Hz.
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FIG. 6-3. Typical Output for Transient Burning Rate Experiments.
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in the DC power line to the chopper motor. The direct output

from channel #1 was fed to the HP 3400 root-mean-square voltmeter
and the analog output recorded on a Honeywell Electronik 19,

strip chart recorder operating at 5 sec/in, Z.e., 0.8 in = 1 second
test time. Examples of the results are shown in Figures 6-4 and
6-5. Note that the initially high value of the signal diminishes
with the burn time. This was thought to be due to coning of the
strand. Only the average over the initial one second of the test
was used in preparing the figures. A large number of tests were
performed for each propellant, a total of 590 for the five propel-
lants, so complete confidence can be placed in the observed trends
of maximum reSpénse at the critical frequency. The higher

frequency signals observed on the transducer signal were considered
to be electronic noise unrelated to the combustion. The possibility
of electronic noise in the system causing the signals was checked

by recording signals from e HP Model 202A function generator.
Playback showed that the amplifiers, tape recorder and strip chart
recorder were not coupled in a way to produce a self-amplifying
noise. The rms signal levels before and after a run were nearly
identical. These signal levels were subtracted from the driven
combustion signal to yield‘the response due to the flux pertrubation.
The background noise, apparently acoustic distrubances, was a function
of the perturbing flux frequency and was traceable to the chopper

wheel. At high frequency this acoustic noise became equal to the
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intensity of the driven combustion signal. Average values of the
corrected transducer signal were determined and plotted as suggested
by theoretical considerations. An averaging time of one second,

in real time, was chosen for the data reduction. The strand surface
tended to become non-planar as it regressed, although a fairly flat
surface was maintained for one or two seconds. The effects of the
noﬁ—flat surface was to cause a loss of signal amplitude during

the course of each test. The use of the halocarbon, Kel-F #90
grease, as an inhibitor effectively postponed the coning of the sample
long enough that consistent, meaningful data were obtained. For
very fast burning propellants, r about 0.5 cm/sec at atmospheric
pressure, the transducer and photo diode signal were processed by
use of a Honeywell Time Delay Correlator, Model 9410, in an attempt
to determine the correlation coefficient between the applied flux
and burning rate response. However, because of equipment limita-
tions, it was not nossible to obtain uniform signals of long enocugh
duration to determine accurate correlations.

The phase angle between the K.U. signal and the P.D. signal was
also measured. A AD-YU Model 405 phase meter coupled to a strip-
chart recorder for direct analog output was used. The resultant
phase angles determined for each propellant were plotted as suggested
by theoretical considerations. Because of the short test times and
poor signal quality, an error of *10 degrees existed in these data

although high confidence could be placed in the trends observed.
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0f all the measurements made in this study, the error in the phase
angle was the greatest, although extensive precautions were taken to
minimize this error. Experimentally, it was noted that the phase
angle tended to increase during nearly all runs. Initially, the
angle was the lowest, Z.2., strong coupling between the driving flux
and the propellant response, but after about one or two seconds,

it tended to increase by about ten degrees. Only the time average,
one second in real time, values of the phase angle are plotted on

the figures. The phase angle measured was always the lag between

the K.U. and P.D. signals. None of the tests indicated that the

K.U. signal lead the P.D. signal, although a lead angle was predicted
on theoretical grounds. Equipment limitations precluded the detection
of a lead angle between the K.U, signal and the P.D. signal.

The ordinate on the figures of propellant response is an arbi-
trary linear scale in units of volts. This happened to be the most
convenient way to présent the data directly from the data reduction
system. To reduce the transducer signals further and relate them
directly to the mean transient burning rate, the steady state burning
rate measurements and the transducer calibration curve are needed.
External thermal radiation increases the propellant burning rate
linearly, for all practical purposes (see Chapter V). The transducer
had linear response over a wide range of frequencies and since the
sample mounting pedestal experiences no displacement during operation,

one can confidently claim that the combustion recoil sensing element
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exhibits linear response. If points along the transducer mean

signal curve are related to the known steady state burning rate
change, then one knows the mass burning rate under dynamic conditions.
This presumes, of course, that the transient burning rate can be
averaged to equal the mean burning rate; which in turn requires the
assumption that the chemical kinetics, diffusion of reactive species
and the heat transf:r under ftransient conditions are essentially

the same as under steady state conditions. Such an assumption must
rest primarily on faith because there is no way to experimentally
check the difference in these parameters for the steady and unsteady
burning. Small perturbations in surface heat flux were used to affect
changeé in the steady burning so the mode of deflagration is probably
near the steady state condition. The principal features of the pro-
pellant burning rate response curves are the linear increase at low
frequency, the resonance point and the diminishing response at driving
frequencies greater than the resonance frequency.

The results from the burning rate response experiments can be
conveniently divided into two discussions according to the propellant
fuel. The polyurethane propellants exhibited a definite maximum
response while the PBAA propellants exhibited lower response to the
perturbing flux and the response signal shows only a slight maximum.
Experimental results from the polyurethane propellants can be
further divided according to the effect of the particle size, the

catalyst loading and the oxidizer to fuel ratio. Two PBAA propellants
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were studied to determine the effect of the copper chromite burning rate

catalyst.

E: POLYURETHANE PROPELLANTS

Five polyurethane-fueled propellants were successfully tested under
conditions of perturbing heat flux. Three of these propellants, UCX, UAY,
and UAX were of relatively high O/F ratio comparable to operational pro-
pellants. Thus, results from the determination of the frequency at maximum
response should be comparable to the results from T-burner tests for the
response of similar propellants. Two polyurethane propellants, UBU and UCX
were used to observe the effect of O/F ratio on the critical frequency.

The influence of oxidizer particle size, that is surface heterogeneity, can
also be inferred from a comparison between propellants UCX and UBU, Comparing
the response of propellants UCX, which was opaque, with the translucent
propellant,UAX, shows the marked influence of opacity on the magnitude of

the propellant response. Figures 6-6 through 6-8 summarize the response
curves for the polyurethane-fueled propellants. All data are presented

in the Tables in Appendix C.

Another polyurethane propellant, UBT, was tested in thirty runs, but
was found to exhibit essentially zero response and was not used in extensive
tests. The influence of absorption of radiation in depth was assumed to be
the principal reason zero response was measured for propellant UBT and several
other propellants having an extinction coefficient less than 100 cm—l. A
propellant similar to UCX, except it contained 1% n-butyl ferrocene-catalyst,
was tested but the results are not shown here. This formulation was found
to exhibit similar burning rate response characteristics to propellant UCX

with the exception that the magnitude of the peak response was slightly lower.
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All of the partially opaque polyurethane propellants showed in-
creased response as the perturbing frequency increased from a low value.
As the frequency was then increased, a maximum in the response occurred
and at still higher frequencies the magnitude of the periodic response
to the heat flux decreased to zero. Since the burning rates of these
propellants was only 0.1 to 0.2 cm/sec at 0.85 atms, it was possible to
achieve dimensionless frequencies in excess of 100 by use of perturbing
frequencies below 200 Hz, and the complete response function at atmospheric
pressure could be obtained. Although some scatter is noted, the results
shown in Figure 6.6 to 6.8 represent data from three to six individual
series of tests which were usually run on different days. In general,
significantly different results were observed from day-to-day only
near the frequency of the maximum where the response is likely most
sensitive to small variations in composition, heat flux, etc.

Figure 6.9 presents the averaged UCX and UAX data normalized to
the zero frequency limit and compared to calculated response based upon
Eq. 3.46 for the translucent propellant. Since it was not possible to
measure the zero frequency response with the microphone force transducer,
the zero frequency value was obtained by extrapolation, and fairly sig-
nificant errors might results from this extrapolation. Since the force
transducer yielded the magnitude of the response in Figure 6.9 the
calculated values are the magnitude and not the real part of the
response function which was the quantity presented in earlier plots.

Perhaps the most significant feature of the UCX results shown
in Figure 6.9 is that the maximum response occurred at a dimensionless

frequency of about 30. It was necessary to use a very high activation
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energy for the surface pyrolysis reaction of 90,000 cal/(g-mole) (°K)

in Eq. 3.46 to get agreement between observation and calculation for

the position of.the maximum. The other parameters used (Ef/R = 25,000°K,
q = -15 cal/gm, T = .l37cm_l;and X = 500 — and those of Figure 3.6)
were selected on the basis of expected values for the known physical
processes and to fit the magnitude of the maximum and the measure

phase angle between the flux perturbations and the mass efflux. In

the case of the semi-transparent UAX propellant, which was identical

to UCX except for the absence of the small quantity of carbon black,

an opacity of lOOcm_l was assumed and all other parameters were

assumed to be the same. The change in the magnitude of the maximum

in the reéponse was satisfactorily predicted, but the observed change in
the dimensionless frequency at the maximum from 30 to about 10 was not
calculated. In fact, no change in the model parameters was found which
produced a change in the frequency of the response maximum by variation
of the opacity. Possibly, condensed phase reactions which are affected
by the energy absorption in depth could be responsible for the

experimentally noted change of the frequency of maximum response

between propellant UCX and UAX.
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F: POLYBUTADIENE PROPELLANTS

Two PBAA-fueled propellants were prepared and tested in the same
manner as the PU-AP propellants. The data are plotted on Figure 6-10
and Figure 6-11. Only a small increase in the magnitude of the response
with frequency was produced by the external flux, but the response did
exhibit a slight maximum.

The differences in behavior of the PBAA and PU based propellants
are very great and this result is consistent with observation of such
propellants in other test devices. Propellants UCV and UCW correspond
closely to Utah F-propellant and Utah BG-propellant previously used in
T-burner studies [59] and low L*-burner experiments [81].

An interesting feature of the PBAA-AP propellants results is the
fact that the uncatalyzed propellant UCW exhibited a response maximum at
a higher dimensionless frequency than the catalyzed propellant. The
frequency of the catalyzed propellant maximum response is between 80 and
90 Hz for UCV, and between 75 and 85 for UCW. Although the real driving
frequencies overlap somewhat, the maximum for the catalyzed propellant
did occur at a highar real frequency. Because of its higher burning rate,
the transducer signal from the UCV propellant was higher than for any other
propellant tested. In general, the magnitude of response was directly
related to the mean burning rate as required by Eq. 3.48. Carbon black
was included in the formulation of UCW to minimize the problems associated

with in-depth absorption of radiant energy.
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Regardless of modifications made in the loading fraction, particle
size distribution or t&pe of catalyst, PBAA-AP propellants appeared
to exhibit different responses to the perturbing heat flux when compared
to PU-AP propellants. The less pronounced maximum response and less
distinct increase in burning rate at low frequency, again in comparison
to polyurethane-fueled propellants, suggests that the response of the
propellant is strongly affected by the polymer reaction processes and
that different mechanisms for response may be involved with different
systems.

The nature of the response of these propellants was such that a
large number of combinations of parameters in the response model could
be used to reproduce the experimental results. No unique set could be
found and no comparison between experiment and theory is presented

here.
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G: PHASE ANGLE MEASUREMENTS

Figure 6-13 through 6~19 show the measured phase angle between
the K.U. signal and the P.D. signal for all the propellants tested.
The absissa on Figures 6-13 through 6-17 is the dimensional frequency.
The phase angle data are presented in this way to demonstrate that
no resonance with 60 Hz noise was in the signals. Figures 6-18 and
6-19 show the phase angle data plotted against the dimensionless
frequency to facilitate the comparison with the response measure-
ments shown on Figures 6-9 and 6-12. No evidence of a lead angle
at low frequency was found. This was suspected of being due to
the combined limitations of the phase meter and the tape recorder.
It shouldbe noted that the inception of the phase angle lag
corresponds to the frequency of maximum response shown on Figures
6-9 and 6-12.

Qualitatively, both the burning rate response and the phase
angle measurements agreé with the theoretical predictions. The
differences which exist are possibly due to the imprecision of the
experimental data and the invalid assumption used in the model.

The one-dimensional analyses and the assumption of gquasi static
behavior of the gas are most suspect.

Since no comprehensive theory was developed, although one
considered to be rather complete has been discussed in Chapter III,
and because it was demonstrated that the complete theories do not

describe oscillatory combustion adequately, other, more limited,
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points were considered in relationship to the effect of various
parameters on the oscillatory burning. These points included:

(1) the thermal wave penetration depth in relationship to the AP
particle diameter; (2) the AP particle size as a phase correlation
parameter; and, (3) the sharp flame front dynamics. An effort was
made to correlate the observed resonance frequencies dn terms

of relaxation times for single, uncoupled processes. However, it

was found that no simple process could be used to correlate the

data. One must resort to curve fitting schemes to determine the para-

meters in the response function.

H: COMPARISON WITH L*-BURNER AND T-BURNER DATA

Although no data directly comparable to the results obtained -
in this study could be found, some interesting comparisons with
low L*-burner and T—bufner data can be made. The correspondence
between the resonance points determined for the PU-AP propellants
and the response functiorc measured from T-burner and L*-burner
tests can be considered. Although the results from these radiation
augmentation studies do not directly yieid the response function of
the propellart, the presence of the resonance point, containing the
ratio m'/ﬁ, and the general nature of the burning rate response
curves determined experimentally here, suggests that the response

function (see Chapter III) could be computed from these results.
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First, a few remarks about T-burner and L*-burner data. An abundance
of experimental data on non-acoustic instability has been accumulated
from studies at the Naval Weapons Center. A limitation of the L#%-
burner data is the narrow range of frequencies at which it occurs,
primarily at a dimensionless frequency less than ten. Few of these
data are precise enough to determine whether a maximum in the computed
response function exists. However, the data on polyurethane propel-
lants lies between the dimensionless fraquencies of four and ten,
which is encompassed by the range of data of this study. A closer
examination of the.instability data leads one to believe that

the L*-burner somehow couples the combustor flow characteristics

with the propellant response. The equation coupling the propellant
response and the combustor-flow system leads to an equation of the

form,

(m'/m/p'/p) = 1 + at , + et o, (6.1)

where o = exponential growth constant, and Tew and Teh = time constants
of the thermal wave and combustion chamber. Reducing the data is
relatively direct, but again the quality of the data leaves much to
be desired.

As for T-burner data, the situation is not much better because

one is limited by the acoustic characteristics of the chamber. That

is, it is not possible to prescribe a wide range of frequencies. Note
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the data of Brown, ¢t al., [8] for example. However, it is possible
to use the exponential growth rate of the oscillations and the decay
rate to compute the propellant response function. The equation

generally used is,

u Yo %
Re() = %Gor 7.~
o g

a

(6.2)

.
o la

where all terms have the usual meaning [66]. The frequency of the
oscillation ih the T-burner is higher than in the L*-burner and one
is witnessing tﬁe resonator-propellant system in the region of
propellant response where diminishing burning rate response is noted,
generally from ten to one hundred in dimensionless frequency. Although
the T-burner is the most widely used bench-scale device for observing
oscillatory combustion in an enviromment similar to a rocket chamber,
it is not without serious shortcomings. These are in the area of
imprecise data involviﬁg many uncontrollable parameters. It is
difficult, if not impossible, to distinguish between the response
when subtle changes in propellant formulation are made. Furthermore,
it is not possible to operate the T-burner at the resonance point of
the propellant as is the case when the driving frequency is a controlled
variable.

The results from the present study demonstrate the feasibility
of driving the combustion process near the resonance point and that
the complete burning rate response versus frequency plot has a shape

remarkably similar to the response function curves presented from
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T-burner and L*-burner tests. A general plot containing both
L*-burner and T-burner data and the response function determined in
this study is shown on Figure 6-20. Note the narrow range of the
L*-burner data as compared to the data of this study. The similarity
between the results from different types of experiments is gratifying
and demonstrates the superior wvalue of controlling the driving
frequency as a means of studying propellant response. The results
show that subtle differences between various propellant formulations
become apparent by using this technique.

It is desirable to predict the potential instability of rocket
propellants from the thermochemistry, chemical reaction rates,
heat transfer to the burning surface and the acoustics of the rocket
chamber. However, due to the complexity of the interaction between
all these factors one must rely on some experiments, preferably
a simple, reliable and consistent test to screen propellants for
potential instability for the particular application. To date,
only the T-burner meets, although only approximately, the criteria
of a suitable test for instability. The experimental device developed
during the course of this study and applied in a study of five pro-
pellants offers another solution to the problem of testing propellant
responsivity under laboratory conditions. The advantage of using the
perturbing heat flux as the controlled variable is that a wide range
of frequencies can be used. The technique is simple and does not
require elaborate equipment. Data for the entire response function

can be taken in a short time.
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TABLE 6-2

FORMULATION OF PROPELLANTS USED TO COMPARE

L*-BURNER AND T-BURNER DATA WITH

MEAN TRANSIENT BURNING RATES
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Ammonium Perchlorate Binder
Propellant % Carbon
Code % o % o Polyurethane Black
A-146 37.5 15 37.5 80 25
A-155 37.0 45 37.0 400 25 1
A-148 37.0 15 37.0 200 25 1
CTPB
UTX-8532 78% 190 22
A-167 37.0 15 37.0 80 25 1
A-168 37.0 15 37.0 200 25 1
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CHAPTER III: SUMMARY AND CONCLUSIONS

The steady-state burning rates of several PBAA and polyurethane fuel
and propellant strands was increased by imposing focused thermal radiation
from a xenon-mercury arc lamp on the burning surface. The measured in-
creases for normally burning strands were essentially linearly dependent
on the incident heat flux. At a heat flux of about 15 cal/(sec)(cmz)
the increase in burning rate was from 5 to 10 percent. 1In the case of
one high PBAA composition whose low pressure deflagration limit was near
to atmospheric pressure, very large increases in regression rate were
obtained by use of the external radiant flux.

The fraction of the external radiation which passed through the
flame and impinged on the burning surface at atmospheric pressure was
measured. Over 80 percent of the radiation reached the surface of high
AP loading, clean burning formulations while less than 20 percent of the
energy passed through the flame for formulations containing as little as
2 percent of aluminum. The data from these steady-state burning tests were
used to estimate the net heat of gasification at the propellant surface,
and while the accuracy of the measurements was only adequate to yield
approximate values, these values were found to be in accord with previous
measurements [49, 52] and with the values assumed in most combustion
instability models. Relationships for the pressure driven and heat driven
response functions were derived for the same gas phase model and the same

set of parameters.
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It was shown that the burning rate response to thermal radiation
variation is dependent on the same parameters as is the response to
pressure fluctuations. Thus, the results of the determination of the
response of a burning surface to heat flux perturbations can be used to
estimate the response to pressure fluctuations.

A technique was developed and exploited for measuring the burning
rate response of several AP-PBAA and AP-polyurethane propellants.

Thermal radiation from a xenon-mercury lamp was modulated by a chopper
wheel and focused onto the surface of a burning strand. The periodic
mass efflux from the surface was determined by measurement of the recoil
force by use of a sensitive, quartz-crystal microphone. The magnitude
of the periodic-mass efflux was measured at atmospheric pressure over

a wide range of frequencies.

The coupling between gas phase process, the’thermal wave in the
solid and the transient burning rate, which has been the foundation of
all theories of solid propellant instability, was experimentally observed
and the coupling phenomena confirmed. As the frequency of the perturbing
radiant heat flux was increased, the magnitude of the response first in-
creased, passed through a maximum and then decreased in agreement with
theoretical predictions. A comparison of the response of the PBAA and
polyurethane propellants showed that the character of the response is
strongly affected by the nature of the fuel. The measurements were precise
enough to show that small formulation changes can produce significant

differences in the response.
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It was possible to quantitatively describe the experimental results
by use of the theoretical model by appropriate selection of parameters.
For most propellants, the maxima in the measured response occurred at
high values of the dimensionless frequency, and it is necessary to
postulate a high activation energy for the pyrolysis reaction of 80 to
90 kcal/(g-mole) to generate experimental and theoretical agreement.

In principal, since the pressure driven and flux driven response
functions are dependent on the same parameters, it should be possible
to characterize the instability potential of a propellant from the type
of measurement made in the study. The principal requirement for such a
characterization is adequacy of the response function relationships and
which likely requires the essential correctness of the gas phase model
employed. An evaluation of the legitimacv of the flux-driven to pressure-
driven response transformation should be made; however, the deficiencies
of the obvious test devices, the L*-burner and T-burner, are so great
that a meaningful comparison likely cannot be made. The work presented
here was limited to operation at atmospheric pressure, the study of very
clean burning propellants, and the use of low actual frequencies. The
immediate need is the relaxation of these restrictions while retaining
the principal advantages of the method, and further work with these

objectives in progress.
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Symbol

APPENDIX A: NOMENCLATURE

Definition

parameter in the pressure response
function

constant in equation 5.3
area of burning surface

parameter in the pressure response
function

constant in equation 5.3

heat capacity of the solid propellant

constants

heat capacity of the gas phase
activation energy

radiant heat flux

recoil force sensed by transducer

frequency of growth and decay of
pressure oscillations

ratio of heat source to conductive
flux in the solid

indicates an imaginary term

constant in equation for burning velocity

thermal conductivity
molecular weight

gas constant
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Units

cm

cal/gm°K

cal/gm°K

cal/g-mole°K
2

cal/cm sec

2
dynes/cm

cycle/sec

cal/g

2
cal/cm sec®K

g/g-mole
cal/g-mole°K



£

sl

A1shp

V1

XS]

linear burning rate
temperature

time

mean mass flux

mass flux perturbation
burning rate exponent
pressure

heat of reaction

heat of reaction

spacial variable

Greek Symbols

thermal diffusivity

growth and decay constants of pressure
oscillation

parameter in thermal energy equation
extinction coefficient in Beer's law
defined by the pressure response function
dimensionless frequency

roots of complex equation

constants in burning velocity, equation 3.9

time constants in equation 6.1

cm/sec
°K
sec

2
g/cm sec

2

g/cm sec

2
dynes/cm

cal/g

"

Cim sec

cm



op

TR

Ch

tw
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density of propellant gm/cm3

angular frequency rad/sec

Subscripts and Superscripts

condition inside the propellant surface
condition deep inside the propellant

condition on the gas side of the
propellant surface

gas—phase condition

surface condition

flame condition

condition in the gas phase

fluctuation of the varigble

overbar indicating the average value

radiant heat flux component, equation 3.30
conductive heat flux component, equation 3.40
designates a condition of an opaque propellant
designates a condition of a translucent propellant
designates the combustion chamber condition

designates the thermal wave condition



APPENDIX B: RADIANT HEAT FLUX PROFILES
FOR RADIATION FURNACE

Radiant heat flux profile data taken using the total radiation
calorimeter described in Chapter IV are tabulated in this Appendix.

Three plots of the flux profile data are also presented.
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APPENDIX C: SUMMARY TABLES OF DATA




Code

UAP

UAO

UAQ

UAX

UAY

UBT

UBU

TABLE C-1

SUMMARY OF PROPELLANTS PREPARED, COMPOSITION AND BURNING BEHAVIOR

Oxidizer

657% 5u AP

70% 5u AP

72% 5u AP

807 AP
40/40
5u,-48 + 100

80%Z AP
40/40
5u,-48 + 100

657 AP
5u

65% AP
Su

Binder

4.27% Epon
23.8% PBAA

4.27 Epon
23.87%PBAA

4,27 Epon
23.87%7 PBAA

18% Estane

+ Curative

18% Estane
+ Curative

337 Estane
+ Curative

327 Estane
+ Curative

Additives

2% Copper Chromite

5% AL
Reyn. #1-511

2% Copper Chromite

2% n-butyl ferrocene

1% nbf

1% Carbon Black

27 nbf

nbf

TN
IR

Burning Behavior at One Atm.

Carbon Black

Fairly flat interface.
Bluish flame zone and jet
boundary.

No AP ejected.
Flat interface.

No AP ejected.
Tended to cone in long samples.

Larger AP particles were ejected.
S5light tendency to cone.
Translucent.

Larger AP particles were ejected.
Slight tendency to cone,
Opaque.

Slow, but fairly uniform burning.
Red residue remains on pedestal
after burnout. Possibly Fe;03.
Translucent.

Slow, but fairly uniform burning.
Extinguishes easily.
Opaque.
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Code

Ucx

ucv

ucw

UBZ

UBR

ucl

Oxidizer

807 AP
40/40
5u, +48-100

80% AP
40/ 40
5u, +48-100

80% AP
40/40
5p, +48-100

70% AP
Su

TABLE C-1 (CONTINUED).

Binder Additives
17% Estane 27 nbf
+ Curative 17 Carbon Black
187 PBAA 2% Copper Chromite
+ Epon
19%7 PBAA 1% Carbon Black
+ Epon
4.2% Epon 2% nbf
23.8% PBAA
40% Estane none

4+ Curative

9.6% Epon
54,57 PBAA

Burning Behavior at One Atm.

Larger AP particles were ejected.
Flat Interface.
Opaque.

Larger AP particles were ejected.
Flat interface.
Opaque.

Larger AP particles were ejected.
Flat interface.
Opaque.

High burning rate, only very slight
coning.
Translucent.

Char layer present on extinguished
samples.

Slight tendency to cone.
Translucent.

Fizz zone propagates through the
sample.

Low density ash remains.
Initially translucent.

0ET



TABLE C-2

Summary of Radiation Augmented

Linear Burning Rates
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Screen # Initial No With
Run # | Propellant | Flux Ratio | Rate With Rad.| Radiation | Radiation
33-1 UBU None, 1 0.281 0.06 0.275
33-2 UBU None, 1 0.270 ext. 0.280
33-3 UBU None, 1 ¢.255 0.03 0.259
33-4 UBU None, 1 0.268 ext, 0.265
33-5 UBU None, 1 0.260 ext. 0.272
33-6 UBU None, 1 0.272 ext. 0,258
33-7 UBU None, 1 0.266 ext. 0.263
0.267 0.045 0.267
Trad 0.267
33-8 UBU #5, 0.714 0.244 0.04 0.237
33-9 UBU #5, 0.714 0.215 ext. 0.217
33-10 _UBU #5, 0.714 0.225 ext, 0.223
33-11 UBU #5, 0.714 0.217 ext. 0.220
33-12 UBU #5, 0.714 0.230 ext. 0.225
33-13 UBU #5, 0.714 0.234 0.01 0.238
33-14 UBU #5, 0.714 0.227 ext. 0.222
0.227 0.025 0.226
rrad = 0.2265
33-15 UBU #2, 0.508 0.202 ext. 0.209
33-16 UBU #2, 0.508 0.197 0.05 0.195
33-17 UBU #2, 0.508 0.208 0.08 0.204
33-18 UBU #2, 0.508 0.211 ext. 0.205
33-19 UEU #2, 0.508 0.191 0.06 0.198
33-20 UBU #2, 0.508 0.206 ext. 0.201
33-21 UBU #2, 0.508 0.195 ext. 0.206
0.201 0.063 0.203
Trad 0.202
33-22 UBU #3, 0.336 0.178 0.07 0.181
33-23 UBU #3, 0.336 0.186 ext. 0.188
33-24 UBU #3, 0.336 0.175 ext. 0.172
33-25 UBU #3, 0.336 0.179 0.09 0.171
33-26 UBU #3, 0.336 0.170 0.06 0.166
33-27 UBU #3, 0.336 0.184 0.07 0.192
33-28 UBU #3, 0.336 0.171 ext. 0.169
0.178 0.0725 0.177
Trad 0.1775




TABLE C-2 (Continued)
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Screen # Initial No With
Run # | Propellant | Flux Ratio | Rate With Rad.| Radiation | Radiation
34~1 UAO None, 1 0.357 0.302 0.347
34=2 UAO None, 1 0.350 0.311 0.342
34-3 UAO None, 1 0.333 0.292 0.340
34-4 UAO None, 1 0.354 0.306 0.345
34-5 UAO None, 1 0.362 0.314 0.357
34-6 UAO None, 1 0.348 0.308 0.339
0.351 0.305 0.345
fraq = 0.348
34-7 UAO #1, 0.656 0.338 0.303 0.332
34~8 UAO #1, 0.656 0.325 0.296 0.321
34-9 UAO #1, 0.656 0.343 0.324 0.346
34-10 UAO #1, 0.656 0.336 0.301 0.329
34-11 UAQ #1, 0.656 0.333 - 0.319
34-12 UAO #1, 0.656 0.335 0.308 0.331
34-13 UAO #1, 0.656 0.330 0.309 0.337
0.334 0.307 0.331
Yraq = 0.3325
34-14 UAO #2, 0.508 0.325 0.315 0.321
34~-15 UAO #2, 0.508 0.335 0.326 0.330
34-16 UAO #2, 0.508 0.315 0.299 0.314
34-17 UAO #2, 0.508 0.332 0.320 0.337
34~18 UAO #2, 0.508 0.338 0.310 0.335
34-19 UAO #2, 0.508 0.327 - 0.330
34=20 UAO #2, 0.508 0.323 - 0.318
0.328 0.314 0.326
rrag = 0.327
34-21 UAO #3, 0.336 0.311 0.304 0.307
34-22 UAO #3, 0.336 0.326 0.320 0.329
34-23 UAO #3, 0.336 0.327 0.308 0.315
34-24 UAO #3, 0.336 0.319 0.312 0.322
34-25 UAOQ #3, 0.336 0.324 0.318 0.322
34-26 UAO #3, 0.336 0.318 0.309 0.319
0.321 0.312 0.319




TABLE C-2 (Continued)
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Screen # Initial No With
Run # | Propellant | Flux Ratio | Rate With Rad.! Radiation | Radiation
35-1 UBT None, 1 0.275 0.201 0.273
35-2 UBT None, 1 0.266 0.193 0.268
35-3 UBT None, 1 0.283 0.207 0.285
35-4 UBT None, 1 0.280 0.196 0.278
35-5 UBT None, 1 0.271 0.188 0.259
35-6 UBT None, 1 0.275 0.198 0.279
0.275 0.197 0.274
frad = 0.2745
35-7 UBT #5, 0.714 0.240 0.192 0.245
35-8 UBT #5, 0.714 0.253 0.185 0.249
35-9 UBT #5, 0.714 0.254 0.186 0.250
35-10 UBT #5, 0.714 0.258 0.190 0.254
35-11 UBT #5, 0.714 0.256 0.200 0.247
35-12 UBT #5, 0.714 0.235 0.189 0.230
0.249 0.190 0.246
Traq = 0.2475
35-13 UBT #1, 0.656 0.251 0.197 0.248
35-14 UBT #1, 0.656 0.253 0.188 0.243
35-15 UBT #1, 0.656 0.242 0.195 0.240
0.249 0.193 0.244
Trad = 0.2465
35-16 UBT #2, 0.508 0.231 0.193 0.229
35-17 UBT ##2, 0.508 0.235 0.190 0.233
35-18 UBT #2, 0.508 0.242 0.198 0.238
35-19 UBT #2, 0.508 0.237 0.196 0.234
35-20 UBT #2, 0.508 0.234 0.188 0.237
35-21 UBT #2, 0.508 0.231 0.201 0.231
0.236 0.194 0.234
rrad = 0.235
35-22 UBT #3, 0.336 0.232 0.205 0.230
35-23 UBT #3, 0.336 0.225 0.198 0.228
35-24 UBT #3, 0.336 0.220 0.193 0.218
35=25 UBT #3, 0.336 0.206 0.184 0.209
35-26 UBT #3, 0.336 0.216 0.186 0.213
35-27 UBT #3, 0.336 0.219 0.190 0.218
35-28 UBT #3, 0.336 0.221 0.197 0.224
0.220 0.193 0.220
roaq = 0.220




TABLE C-2 (Continued) 134
Screen # Initial No With
Run # | Propellant | Flux Ratio | Rate With Rad.| Radiation | Radiation
36-1 UAQ None, 1 0.232 0.175 0.227
36-2 UAQ None, 1 0.235 0.185 0.230
36-3 UAQ None, 1 0.228 0.182 0,230
36~4 UAQ None, 1 0.225 0.180 0.233
36-5 UAQ None, 1 0.221 0.173 0.235
0.228 0.179 ~_| 0.231
raq = 0.2295
36-6 UAQ #5, 0.711 0.220 0.190 0.225
36-7 UAQ #5, 0.711 0.228 0.188 0.222
36-8 UAQ #5, 0.711 0.216 0.180 0.221
0.221 0.186 0.223
Trad 0.222
36-9 UAQ #1, 0.656 0.220 0.188 0.217
36~10 UAQ #1, 0.656 0.224 0.200 0.220
36-11 UAQ #1, 0.656 0.210 0.175 0.214
36-12 UAQ #1, 0.656 0.208 0.185 0.216
36-13 UAQ #1, 0.656 0.215 0,180 0.218
36~-14 UAQ #1, 0.656 0.213 0.168 0.210
0.215 0.183 .216
rrag = 0.2155
36-15 UAQ f#2, 0.508 0.206 0.183 0.210
36-16 UAQ #2, 0.508 0.209 0.175 0.215
36-17 UAQ #2, 0.508 0,212 0.180 0.209
36-18 UAQ #2, 0.508 0.207 0.177 0.216
36-19 UAQ #2, 0.508 0.205 0.172 0.211
36-20 UAQ #2, 0.508 0.200 0.190 0.214
0.206 0.179 0.212
rrad = 0.209
36-21 UAQ #3, 0.336 0.192 0.185 0.204
36-22 TAQ #3, 0.336 0.155 0.172 0.198
36-23 UAQ #3, 0.336 0.196 0.183 0.201
36-24 UAQ #3, 0.336 0.201 0.188 0.205
0.196 0.182 0.202




TABLE C-2 (Continued)
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Screen # Initial No With
Run # | Propellant | Flux Ratio | Rate With Rad.| Radiation | Radiation
37-1 UAX None, 1 0.207 0.172 0.209
37-2 UAX None, 1 0.222 0.176 0.218
37-3 UAX None, 1 0.213 0.169 0.214
37-4 UAX None, 1 0.203 0.158 0.210
37-5 UAX None, 1 0.212 0.167 0.215
37-6 UAX None, 1 0.208 0.161 0.202
37-7 UAX None, 1 0.209 0.171 0.215
0.211 0.168 0.212
rrad = 0.2115
37-8 UAX #5, 0.714 0.202 0.164 0.198
37-9 UAX #5, 0.714 0.200 0.160 0.205
37-10 UAX #5, 0.714 0.196 0.158 0.193
37-11 UAX #5, 0.714 0.203 0.167 0.197
37-12 UAX #5, 0.714 0.191 0.157 0.194
0.198 0.161 0.197
rad = 0.1975
37-13 UAX #1, 0.656 0.193 0.161 0.198
37-14 UAX #1, 0.656 0.201 0.169 0.197
37-15 UAX #1, 0.656 0.195 0.160 0.199
37-16 UAX #1, 0.656 0.191 0.157 0.195
0.195 0.162 0.197
rrag = 0.196
37-17 UAX #2, 0.508 0.188 0.172 0.189
37-18 UAX #2, 0.508 0.193 0.168 0.186
37-19 UAX #2, 0.508 0.186 0.157 0.190
37-20 UAX #2, 0.508 0.192 0.165 0.191
37-21 UAX #2, 0.508 0.195 0.160 0.192
0.191 0.164 0.190
rrad = 0.1905
37-22 UAX #3, 0.336 0.185 0.155 0.188
37-23 UAX #3, 0.336 0.182 0.166 0.183
37-24 UAX #3, 0.336 0.179 0,164 0.185
37-25 UAX #3, 0.336 0.181 0.168 0.183
37-26 UAX #3, 0.336 0.177 0,160 0.175
37-27 UAX #3, 0.336 0.182 0.163 0.177
0.181 0.163 0.182

Traq = 0.1815




TABLE C-2 (Continued)
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Screen # Initial No With
Run # | Propellant | Flux Ratio | Rate With Rad.| Radiation | Radiation
38-1 UAY None, 1 0.183 0.145 0.182
38-2 UAY None, 1 0.175 0.136 0.178
38-3 UAY None, 1 0.180 0.140 0.188
38-4 UAY None, 1 0.182 0.143 0.176
38-5 UAY None, 1 0.192 0.148 0.179
38-6 UAY None, 1 0.170 0.136 0.175
0.181 0.141 0.180
rrad = 0.1805
38-7 UAY #5, 0.714 0.171 0.141 0.166
38-8 UAY #5, 0.714 0.174 0.146 0.168
38-9 UAY #5, 0.714 0.169 0.139 0.175
0.171 0.142 0.169
Trag = 0.170
38-10 UAY #1, 0.656 0.167 0.151 0.164
38-11 UAY #1, 0.656 0.174 0.149 0.170
38-12 UVAY #1, 0.656 0.168 0.145 0.165
38-13 UAY #1, 0.656 0.160 0.139 0.168
38-14 UAY #1, 0.656 0.158 0.131 0.163
38-15 UAY #1, 0.656 0.164 0.145 0.172
0.165 0.143 0.167
I‘rad = 0.166
38-16 UAY #2, 0.508 0.155 0.135 0.165
38-17 UVAY #2, 0.508 0.160 0.145 0.153
38-18 UAY #2, 0.508 0.162 0.140 0.163
38-19 UAY #2, 0,508 0.158 0.138 0.160
0.159 0.139 0.160
Traq = 0.1595
38-20 UAY #3, 0.336 0.157 0.130 0.150
38-21 UAY #3, 0.336 0.154 0.145 0.149
38-22 UAY #3, 0.336 0.159 0.152 0.165
38~23 UAY #3, 0,336 0.152 0.149 0.161
38-24 UAY #3, 0.336 0.148 0.138 0.147
38-25 UAY #3, 0.336 0.156 0.137 0.153
0.154 0.142 0.154

Traq = 0.154




TABLE C-2 (Continued)
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Screen # Initial No With

Run # | Propellant | Flux Ratio | Rate With Rad.| Radiation | Radiation
39-1 UBZ None, 1 0.570 0.530 0.560
39-2 UBZ None, 1 0.565 0.528 0.568
39-3 UBZ None, 1 0.555 0.535 0.562
39-4 UBZ None, 1 0.572 0.545 0.564

0.565 0.534 0.563

rrad = 0.564

39-5 UcA None, 1 0.605 0.565 0.595
39-6 UCA None, 1 0.590 0.570 0.608
39-7 UCA None, 1 0.610 0.575 0.605
39-8 UCA None, 1 0.595 0.568 0.607

0.600 0.569 0.604

r = 0.602

rad




Summary of Transient Burning Rate

TABLE C-3

Data for Propellant UBU

138

Driving Transducer E Frequency
Run Frequency Output | Phase Parameter
Number Hz (volt) RMS ‘ Angle (deg.) Dimensionless
1007 120 0.120 64 90.24
1008 144 0.100 68 109.28
1009 120 0.115 56 90.24
1010 120 0.180 50 90.24
1011 66 0.395 57 49.63
1012 48 0.430 40 36.10
1013 33 0. 440 20 24.87
1014 10 0.600 0 7.52
1015 10 0.630 0 7.52
1016 5 0.530 0 3.76
1102 30 0.485 24 22.55
1103 11 0.590 15 8.27
1104 15 0.630 0 11.28
1105 20 0.580 0 15.04
1106 27 0.550 10 20.30
1107 83 0.330 30 64.42
1108 95 0.200 44 71.44
1109 100 0.270 50 75.20
1110 110 0.190 58 82.72
1114 154 -0~ 53 115.81
1115 67 0.350 48 50.38
1116 60 0.450 53 45.17
1117 40 0.480 56 30.08
1118 24 0.540 60 18.05
1119 72 0.390 56 54,15
1120 36 0.500 48 27.07
1121 10 0.590 30 7.52
1122 20 0.550 10 15.04
1123 7 0.540 55 5.26
1202 50 0.360 42 37.60
1203 50 0.480 30 37.60
1204 55 0.450 50° 41.36
1205 60 0.380 ‘ 44 45,10
i




TABLE C-3 (con't)
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Driving Transducer Frequency

Run Frequency Qutput Phase i Parameter
Number Hz {volt) RMS Angle (deg.) Dimensionless
1206 62 0.330 38 46.62
1207 64 0.360 36 48.13
1208 67 0.320 42 50.38
1209 69 0.270 36 51.89
1210 40 0.490 26 30.08
1211 27 0.500 19 20.30
1212 24 0.500 14 18.05
1213 20 0.570 10 15.04
1214 15 0.550 10 11.28
1215 10 0.560 0 7.52
1216 8 0.570 0 6.02
1218 4 0.440 0 3.01
1220 18 0.540 0 13.54
1221 22 0.550 10 16.54
1222 26 0.520 12 19.55
1223 20 0.590 16 15.04
1301 44 0.390 44 33.10
1310 66 0.310 58 49.60
1311 82 0.270 54 61.60
1312 90 0.180 56 67.60
1313 110 0.210 44 82.70
1314 110 0.140 82.70
1315 125 0.100 58 94.00
1318 45 0.430 34 33.80
1402 40 0.550 - 30.10
1403 30 0.620 — 22.55
1405 50 0.470 48 37.60
1406 50 0.520 58 37.60
1410 90 0.250 60 67.60
1411 85 0.350 52 63.90
1412 110 0.280 60 82.70
1413 128 0.160 61 96.20
1414 150 0.140 70 112.90
1415 105 0.280 60 79.00
1416 70 0.390 40 52.60
1417 40 0.520 46 30.10




TABLE C-3 (con't)
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Driving Transducer Frequency
Run Frequency Qutput i Phase Parameter
Number Hz (vo1t§ RMS | | Angle (deg.) Dimensionless
1418 40 0.560 34 30.10
1420 35 0.600 30 26.32
1421 30 0.550 26 22.55
1424 45 0.510 96 33.85
1425 20 0.600 20 15.04
1426 10 0.570 6 7.52
1427 10 0.570 10 7.52




TABLE C-4

Summary of Transient Burning Rate
Data for Propellant UCX
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Driving Transducer Frequency
Run Frequency Output Phase Parameter
Number Hz (volt) RMS Angle (deg.) Dimensionless
1027 9.5 0.165 0 5.39
1028 18 0.260 0 10.22
1029 40 0.410 5 22,72
1030 52 0.580 18 29.54
1032 80 0.310 55 45.44
1033 110 0.200 60 62.48
1034 134 0.160 65 76.11
1035 150 0.100 70 85.20
1036 100 0.220 50 56.80
1147 50 0.540 10 28.40
1148 66 0.600 43 37.49
1148b 80 0.320 43 45.44
1149 90 0.220 53 51.12
1150 96 0.210 58 54.53
1151 100 0.185 54 56.80
1152 115 0.140 50 65.32
1153 118 0.100 56 67.02
1154 134 0.070 54 76.11
1155 154 -0- 43 87.47
1156 156 -0- 50 88.61
1157 118 0.090 46 67.02
1158 93 0.190 36 52.82
1159 88 0.240 38 49.98
1160 60 0.470 40 34.08
1161 66 0.420 45 37.49
1162 54 0.700 8 30.67
1163 50 0.530 0 28.40
1164 27 0.330 0 15.34
1165 19 0.290 0 10.29
1166 5 0.100 0 2.84
1225 16 0.280 0 9.09
1226 19 0.310 0 10.79




TABLE ¢-4 (con't)
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Driving Transducer Frequency

Run Frequency Output Phase Parameter
Number Hz {volt) RMS Angle (deg.) Dimensionless
1227 27 0.330 0 15.34
1228 29 0.370 5 16.47
1229 36 0.440 2 20,45
1230 40 0.450 0 22.72
1231 42 0.550 0 23.86
1232 48 0.690 15 27.26
1233 50 0.600 15 28.40
1234 50 0.650 10 28.40
1235 48 0.680 8 27.26
1236 43 0.650 12 24,42
1237 52 0.720 20 29.54
1238 56 0.640 24 31.81
1239 56 0.580 18 31.81
1242 72 0.430 43 40.90
1243 75 0.470 55 42,60
1244 84 0.250 40 47.71
1330 58 0.500 15 32.94
1332 66 0.450 14 37.49
1334 72 0.380 30 40.90
1335 102 0.150 45 57.94
1336 134 0.120 50 76.11
1337 110 0.130 45 62.48
1338 125 0.080 51 71.00
1339 66 0.450 42 37.49
1341 77 0.320 43 43,74
1342 58 0.460 44 32.94
1343 56 0.480 11 31.81
1351 62 0.410 " 16 35.22
1354 54 0.440 20 30.67
1355 66 0.410 32 37.49
1356 62 0.380 26 35.22
1428 10 0.150 0 5.68
1432 26 0.350 0 14.77
1436 36 0.400 0 20.45
1440 48 0.570 6 27.26
1444 56 0.590 26 31.80
1452 72 0.500 32 40.90
1456 77 0.470 48 43,74




TABLE C-5

Summary of Transient Burning Rate
Data for Propellant UAX

143

Driving Transducer Frequency
Run Frequency Output Phase Parameter
Number Hz (volt) RMS | "Angle (deg.) Dimensionless
1037 6 0.165 1.71
1038 22 0.300 6.27
1039 40 0.310 18 11.40
1040 84 0.240 30 23.94
1041 100 0.200 36 28.50
1042 120 0.160 46 34.20
1043 140 0.125 54 39.90
1044 144 0.100 52 41.04
1045 100 0.195 42 28.50
1046 40 0.315 12 11.40
1047 20 0.290 0 5.70
1048 8 0.200 0 2.28
1167 33 0.320 14 9.41
1168 31 0.310 10 8.84
1169 13 0.245 1 3.71
1170 3.3 0.120 0.94
1171 25 0.310 8 7.13
1172 27 0.305 10 7.70
1173 50 0.290 24 14,25
1174 67 0.260 30 19.10
1175 72 0.230 33 20.52
1176 77 0.215 36 21.95
1177 80 0.200 32 22.80
1178 96 0.195 38 27.36
1179 110 0.160 42 31.35
1180 118 0.170 44 33.63
1181 133 0.090 46 37.91
1182 143 0.050 48 40.76
1183 154 0.040 58 43.89
1184 45 0.290 20 12.83
1185 22 0.285 8 6.27
1186 8.8 0.190 0 2.51
1187 17 0.265 2 . 4.85
1188 54 0.275 18 15.39
1189 75 0.245 30 21.38




TABLE C-5 (con't)
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Driving Transducer Frequency
Run Frequency Qutput Phase Parameter
Number Hz (vo]tg RMS Angle (deg.) Dimensionless
1245 13 0.250 4 3.71
1246 16 0.270 6 4.56
1247 20 0.300 8 5.70
1248 27 0.320 6 7.70
1249 40 0.310 16 11.40
1250 42 0.310 17 11.97
1251 47 0.320 18 13.40
1252 50 0.290 20 14.25
1253 56 0.280 24 15.96
1254 63 0.270 28 17.96
1255 65 0.260 24 18.53
1256 66 0.270 27 18.81
1257 70 0.245 26 19.95
1258 80 0.230 28 22.80
1259 100 0.190 40 28.50
1260 105 0.180 41 29.93
1261 133 0.090 44 37.91
1262 50 0.290 21 14.25
1263 27 0.315 7 7.70
1264 10 0.230 0 2.85
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TABLE C-6

Summary of Transient Burning Rate
Data for Propellant UCHW

Driving Transducer Frequency
Run Frequency Output Phase " Parameter
Number Hz (volt) RMS | Angle (deg.) Dimensionless
1059 40 0.200 18.08
1060 11 0.180 0 4,97
1061 28 0.200 0 12.66
1062 50 0.190 2 22.60
1063 80 0.170 12 36.16
1064 80 0.220 8 36.16
1065 120 0.150 16 54,24
1066 110 0.160 20 49,72
1067 116 0.145 28 52,43
1068 80 0.210 14 36.16
1069 | 32 0.190 3 14,46
11-112 100 0.180 8 45,20
11-113 77 0.190 4 34.80
11-114 50 0.200 0 22,60
11-115 53 0.210 0 23.96
11-116 72 0.220 4 32.54
11-117 80 0.300 0 36.16
11-118 100 0.180 9 45.20
11-119 105 0.150 9 47 .46
11-120 110 0.100 13 49,72
11-121 118 0.170 13 53.34
11-122 105 0.140 16 47.46
11-123 90 0.160 9 40.68
11-128 83 0.350 3 37.57
11-129 56 0.220 2 25.31
11-130 33 0.210 0 14.92
11-131 17 0.200 ) : 7.68
11-132 8 0.180 . 3.62
11-133 13 0.190 5.88
11-134 47 0.220 21.24
1460 71.4 0.240 32.27
1461 110 0.160 49,72
1462 154 0.080 69.61
1463 167 0.020 75.48
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TABLE C-7

Summary of Transient Burning Rate
Data for Propellant UCV

Driving Transducer Frequency
Run Frequency Qutput Phase Parameter
Number Hz (vo]tg RMS Angle (deg.) Dimensionless
1049 20 0.465 0 2.128
1050 10 0.450 0 1.064
1051 34 0.480 5 3.620
1052 56 0.485 7 5.960
1053 80 0.500 22 . 8.510
1054 80 0.520 20 8.510
1055 120 0.455 24 12,770
1056 120 0.450 26 12,770
1057 130 . 0.475 30 13.830
1058 150 0.470 32 15.960
1190 70 0.500 14 7.450
1191 74 0.480 10 7.870
1192 83 0.500 20 8.830
1193 100 0.470 0 10.640
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